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A b s t r a c t
An engineering study has been made of the principles 
involved in point-to-point communication systems operating 
through the atmosphere. Gallium arsenide light emitting diodes 
and laser diodes have been used for the radiation sources opera­
ting in the near infrared.
The factors that influence the performance of these links 
have been discussed, and the various trade-offs of the parameters 
involved in their design and operation have been examined. A 
theoretical analysis of suitable modulation systems has been carried 
out with the specific aim of minimising the transmitter power con­
sumption. An audio bandwidth link has been designed and built to 
test the results of the analysis, when applied to a specific per­
formance specification.
This audio bandwidth link has been operated continuously for 
a period of over two years to examine just how well an optical link 
will perform when subjected to varying atmospheric conditions. 
Semi-unattended monitoring equipment, designed and built for the 
purpose, has enabled continual measurements to be made of the link/s 
performance throughout the period of the tests.
Using results and experience from the low-powered transmitter 
audio bandwidth link, a video bandwidth link has been designed and 
built, capable of transmitting broadcast quality television signals. 
This included a study of methods for driving a GaAs laser diode with 
a suitably high pulse rate and current pulse amplitude. One solu­
tion to this problem has been used for the link.
The data obtained from the prolonged tests allows an estimate 
to be made of how well a link might be expected to perform. The 
results show that the reliability of these links is considerably 
greater than is generally believed.
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1.1 INTRODUCTION
The availability of Gallium Arsenide Light Emitting Diodes 
(LED* s) and Laser Diodes on a commercial scale has brought about a 
new era of communication. These semiconductor sources allow rapid 
intensity modulation of their radiated output to be accomplished with, 
in principle, fairly simple techniques.
The need for ever increasing information capacity in communi­
cation channels has encouraged the use of optical techniques with 
their potentially large available bandwidth, although this potential 
has yet to be fully realised. Optical communication systems using 
semiconductor sources may be divided into three categories: guided 
systems using guides such as glass fibres, direct line of sight systems, 
and scatter systems relying on scatter from dust or aerosol particles 
in the transmission medium, e.g. the atmosphere.
This thesis is an engineering study of links falling into the 
second of these categories. It is concerned with how well a system can 
function using propagation through the atmosphere on line of sight 
paths. It examines the factors relating to optimisation of performance 
of such a link, in particular economy of power at the transmitter. The 
construction is described of an audio bandwidth link which is considered 
to be, after due study, an optimal design for a particular purpose. A 
video bandwidth link has also been built, and a description of this is 
included. Finally it describes the results of testing the audio link 
over a period of years.
The design of a link and its subsequent performance depend 
critically on the choice of modulation method - particularly so 
where minimising transmitter input power is being considered - 
and considerable attention is given to this matter in the thesis.
It shows that in the absence of other constraints not related to the 
link itself pulse modulation methods are much to be prefered over 
others, because they enable greatest advantage to be taken of the 
square law properties of optical detectors. This applies in general 
to nearly all optical links, including systems other than atmospheric 
line of sight systems.
Atmospheric links are generally discounted on grounds of 
being insufficiently reliable due to bad weather conditions, particularly 
during rain and fog. The experimental work on which this thesis is 
based shows that the merits of these links are considerable and that 
they are surprisingly more reliable than is generally believed.
Since much of the work described here is relevant to other 
types of optical communication this introductory chapter begins with 
a short review of the field of optical communications generally, into 
which it attempts to set the context of the present work.
Over the past few years, a considerable amount of research 
has been carried out on optical fibres to reduce their optical attenua­
tion to reasonable values. Attenuation coefficients of less than 
10 dB km"1 have been reported, for example , making guided optical 
communication economically viable in terms of repeater spacing. Systems 
using fibres will be of considerable importance to the Post Office 
communications network when the reliability has been proven. Inspection
instruments and optical indicating systems have been in widespread
(2) . . . .
use for some time for example using fibre optics for flight simulator
and aircraft displays. In such applications the optical guides may be 
quite short and therefore loss coefficients of many hundreds of dB per 
kilometer are quite tolerable.
The availability of transmission lines for communication does 
not obviate the necessity for sometimes using radio. Likewise, line 
of sight and optical fibre links can coexist, each having its own par­
ticular role. The problems associated with each of these optical systems 
are different, and can lead to different solutions to the questions of 
what modulation to use, what optical source, and its drive power, the most 
suitable detecting arrangement, and so on. Line of sight links will
certainly be only a small portion of the totality of optical communica­
tion systems, but there are and will continue to be applications which 
are not feasible with guided systems.
In a fibre system, optical losses result from fibre attenua­
tion, and from launching into and detecting power from the fibre. A 
line of sight link has loss caused as a result of beam spread, and 
also a variable loss incurred because of the changing attenuation 
from visibility variations.
The fluctuations in signal level can range between full signal 
in clear weather to signals so small as to be lost in noise, and 
consequently the receiver must work over a large dynamic range. To 
maintain reliability by overcoming the effects of high attenuation (rare 
though they may be) and the effects of noise resulting from high back­
ground radiation levels, modulation systems with high pulse powers are 
necessary. This is a most significant factor in the choice of modula­
tion for a free space link. In a fibre link, where much less power 
is generally required from the optical source, a greater range of modu­
lation methods are available for selection since optical power limita­
tions are less likely to be reached.
Point-to-point optical links can be very much cheaper than 
the laying of cables for an alternative method of communication. In 
some locations, the laying'of cables might be virtually impossible, 
and some form of radiating system would be the only method of achieving 
communication. Microwave systems are at present used in some cases 
where an optical system would work satisfactorily. Optical links can 
be made much less expensively than can comparable microwave equipments. 
The aerials associated with microwave equipment tend to be physically 
large and cumbersome when compared with an optical equivalent, and 
there is also the possible complication of the need to comply with the 
Home Office licensing regulations. At the present time there is no 
such requirement for optical (including infrared) radiation communica­
tion systems.
Advantage can be taken of some of the intrinsic properties of 
line of sight optical links. The optics can be made to produce narrow 
beam angles to provide a high degree of security against eavesdropping
and protection against other unwanted transmissions. Further, an 
optical link can be operated in environments of high electrical 
and radio frequency fields, since the receiver is in principle only 
sensitive to optical radiation, thus affording a high degree of immunity 
to electrical interference. An optical, link can also be useful as an 
optical isolator, with transmitter and receiver at very different elec­
trical potentials.
There are several radiation sources that might be used for a 
transmitter: gas lasers, semiconductor lasers, and Light Emitting 
Diodes. Continuous operation is possible with gas lasers and this 
feature allows various forms of CW modulation to be used. Almost 
without exception gas lasers require>a separate external modulator 
operating by attenuating the optical output from the laser in a con­
trolled way. The difficulty of maintaining optical alignment between 
the modulator and laser, and the sheer physical bulk can be a severe 
disadvantage of this arrangement. For a semi-permanent or permanently 
located transmitter or a transmitter in a laboratory environment 
these drawbacks may be unimportant. However, weight and high input 
power requirements imply a very limited degree of portability away 
from a vehicle or mains power. Several systems have been built, 
for example (3) »(4\ a^varitages of gas lasers are the coherence,
the degree of collimation, and the narrow optical bandwidth; each of 
which may be desirable for a particular application.
The advantage of the small size of a laser diode has been 
made use of for example in a hand held transmitter, with integral 
receiver , which could operate over a range of more than fifteen 
miles in clear conditions, and used for audio bandwidth mobile communi­
cation purposes. At the time, widespread interest was shown in America,
where this link was produced, by several government organisations.
( 6 ^
Experiments were also made using LED’s as long ago as 1963 . Here,
an atmospheric path length of thirty miles was achieved, but only at 
night because of problems from background radiation. The detector 
used was a photomultiplier, mounted at the focus of a five foot diameter 
searchlight mirror. A photomultiplier is not an optimum detector 
because the photocathode materials have low quantum efficiencies (ratio 
of photo-electrons emitted per incident photon) compared with silicon 
photodiodes, and as is discussed more fully in chapter two, a higher
value quantum efficiency gives improved performance of a link’s 
receiver when working in high background radiation levels.
Later systems have been built using photodiodes as detectors, 
and have useable ranges of up to ten miles in clear weather, for 
example ^ . This communicator used an LED driven from a frequency 
modulated oscillator, and had a one degree beam angle with a peak
/ O ' )
output power of eight milliwatts. Another link used a similar 
modulation system, where an LED was driven from a 100 kHz frequency 
modulated oscillator, and produced an output of ten milliwatts. A 
signal-to-noise radio of 34 dB was achieved at a range of only 250 m. 
Although 34 dB is a poor signal-to-noise ratio for the power and range, 
the link is an example where normal radio frequency communications 
have proved unsatisfactory because of an electrically noisy environment
Reviewing the literature, one notes that as yet very little 
has been reported on the performance of atmospheric point-to-point 
links under the influence of varying weather conditions. It was 
this lack of available data that was in part instrumental in leading 
to the present work, both for the purposes of the outside contractor, 
and also in furtherance of the research programme/on optical 
communications already in existence in this department.
1.2 SUMMARY
The object of the work to be described in this thesis is 
to explore the various factors that influence the performance of 
atmospheric links, and to examine the various trade-offs of all 
the parameters involved in their design and operation, and how best 
to handle them. Following on from this, the findings are applied to 
the design of two links. One is required for a particular purpose, 
i.e. minimum input transmitter power for a certain reliability, and 
the success of the study carried out is indicated by the results of pro 
longed tests. The other is a video link capable of sending a broadcast 
quality television signal.’
Firstly, an audio bandwidth link was designed and built to 
meet a specification laid down by an outside contractor, who sponsored 
much of this part of the work. One important clause of the specifica­
tion was that the transmitter should be as electrically economical as 
possible, and this is a major consideration for the link. Secondly, 
a video bandwidth link was designed and constructed to explore and 
test further the design criteria and methods developed for the first 
link together with some of the problems associated with the different 
techniques involved for the second. The aim for this link was to be 
capable of reliably transmitting good quality CCIR video signals over 
distances of the order of a kilometre or so.
The operational success of an open air link is limited by the 
various properties of the atmosphere, and they are therefore important 
in an estimation of its reliability. These time varying detrimental 
effects are particularly important for the specified link with a low 
input power requirement for the transmitter. Consequently, considera­
tion is given to the relevant features of the atmosphere and a review 
of them is included in chapter two. This chapter also reviews the com­
ponents of major significance, and thus it contains a brief description 
of optical sources and detectors, together with an analysis of noise 
performance. The advantages and disadvantages of the optical devices 
that might be used in these links are discussed.
An atmospheric link may use any one of many modulation systems, 
but whichever is chosen can have a considerable influence on the per­
formance particularly when operating in marginal conditions due, for 
instance, to poor visibility. In the context of this part of this 
work where low power consumption by the transmitter is a fundamental 
requirement, use of the most suitable, or if several modulation methods 
prove to give similar results one of the most suitable methods, is in 
any case necessary. An optical detector has a square law characteristic, 
and this important fact leads to the use of a pulse modulation system 
as the prefered choice. Of the several known types which could have 
been used, pulse frequency modulation (PFM) was selected for both links. 
A discussion on modulation systems is the subject of chapter three, and 
includes the reasons for the choice finally made for the first link.
Not only is there a need to choose the optimum modulation system, 
but also the parameters of the waveforms, carrier frequency, pulse 
timings, and so on as applicable to that system. A graphical method 
has been devised to determine these parameters for PFM, and is 
used for the audio bandwidth link. It enables the timings to be chosen 
to suit the devices used for the transmitter and receiver, incorporating 
the optical loss between the two, and details of the signal to be 
transmitted. This optimisation is also included in chapter three.
Chapter four describes the audio bandwidth link itself, 
designed and built according to the methods established in chapter 
three. Not only did the specification call for the minimum of trans­
mitter power consumption, but signal degradation limitations were included, 
as were some constraints to the transmitter mechanical dimensions. The 
complete specification is given in section 3.2.
Monitoring equipment was also designed and built to record 
several signal and voltage levels from both the transmitter and the 
receiver onto punched paper tape for subsequent computer analysis. This 
monitoring equipment is briefly described in chapter four.
To explore more fully the capabilities and performance of atmos­
pheric links, and to test the design techniques when extended to wider 
bandwidths, a video bandwidth system has been designed and built capable 
of transmission of the British 625-line television signal. The trans­
mitter uses a gallium arsenide laser diode for the optical source and 
an avalanche photodiode at the receiver for detection. Methods of 
driving the laser diode were investigated, and this proved to be most 
demanding to achieve; mean pulse repetition rates of greater than 13 MHz, 
with pulse durations of about 5 ns and amplitude of up to 1,5 A are 
necessary. Two methods were extensively investigated, and one, a system 
using a series of sequentially driven avalanche transistors was adopted. 
Chapter five describes this link and its performance in its laboratory 
form. Extrapolation from these measurements, together with data obtained 
from the audio bandwidth link.tests, indicated how reliable this link 
is expected to be in an engineered version.
The experimental results of prolonged tests on the .audio link 
are recorded in chapter six.; Taken over a period of nearly 2 \ years, 
they show how well the link performed. This link is an engineered and 
operational link rather than an instrument to measure atmospheric 
properties. One of the objects of its design was that it should 
be able to achieve a predictably satisfactory performance for a stated 
proportion of time, and with this in mind the information is displayed 
in the mose useful way. From these measurements, extrapolations have 
been made, which enable the performance of links with different bandwidths 
and transmitter powers, and operating over different ranges to be deduced. 
The deductions assume that the weather conditions where the links are 
sited are sufficiently similar to have identical attenuation character­
istics. A useful parameter for assessing the performance is given by 
the:ratio of actual power from a transmitter to the minimum power required 
in clear conditions. This is expressed here in dB, and is termed the 
Margin1.
1.3 CONCLUSIONS
The overall conclusion to be drawn from the results of this 
work is that point-to-point optical communication through the atmosphere 
is practicable and realistic. It can be achieved using a transmitter 
with low power supply requirements, enabling small and light weight 
speech bandwidth transmitters to be built, which can be ideally suited 
to battery powered andportable applications. Prolonged testing has 
shown that high degrees of reliability can be achieved over limited ranges. 
This reliability can never reach that obtainable using landlines, since 
with the possible exception of very high powers at close, range, a fog 
might always reach a sufficient density to cause a failure.
The widely held view that there are too many fogs or too many 
foggy days to allow free space links to achieve a useful degree of 
reliability has been firmly shown not to be the case.
The initial object of this work - to study various modulation 
systems, and using this information to design and construct an audio 
bandwidth link with the lowest possible input power to the transmitter - 
has been successfully achieved. Failure times over a 100 m range of no
more than 10% overall were required, and measurements have indicated 
that the power margin required to reach this reliability figure is 0,65 dB, 
corresponding to 29 nW radiated power.
This margin does vary depending on how much of the time of day 
and in what periods of the day successful communication is required.
The worse time of day is the period immediately before dawn, when 
the atmosphere's temperature reaches a minimum. This variation, which 
is influential in changing visibility is by no means the only cause of 
changes in reliability. The margin required to achieve a specified 
reliability has differed for the three years of the tests. Many years' 
results wouldbe required to study the yearly variance. Reliabilities 
above 95% can be easily achieved, but a value much nearer 100% would 
need enormous powers from the transmitter. The season, of the year is 
influential on the reliability, whether the link is to operate for 24 
hours per day or for the nominal "working hours" day. A detailed 
discussion on the reliability results obtained is included in chapter 
six.
The most significant indicator of reliability is the ratio of 
power margin to range. Here this has generally been expressed in the 
form "metres per dB margin". An empirical relationship has been evaluated 
relating this ratio to the reliability.
The audio link has a power margin of 6 dB, and with this margin 
over the test range of 100 m, the total time when the link failed,
(i.e. more power was needed to achieve the contractor's specified 
signal-to-noise ratio than the transmitter could supply) was a little 
over 90 hours. Since the total length of the test was nearly 20,000 
hours the failure rate was less than 0,5%. The percentage failure 
time for the reduced working hours period was only 0,3%.
Although the measurements taken are no more than a record of how 
well the link performed at a specific time and place, extrapolation 
from these results has been made to show how other links with different 
powers, ranges.and bandwidths might have performed at the same place, 
and to give an indication of the general behaviour pattern that might 
be expected when designing and assessing such a link. These extra­
polations show several salient features. It becomes disproportionally 
more difficult to maintain high reliabilities by increasing power as 
range is increased because of the combined effects of the inevitable 
divergence of the transmitted beam, and the need to maintain a constant 
power margin per unit length of range.
Extrapolation for different bandwidths is justifiable on the 
assumption that modulation parameters are scaled accordingly, optical 
characteristics of the transmitter and receiver being assumed unchanged. 
The transmitter output power and bandwidth relationships are presented.
The culmination of the practical work is the successful design, 
and construction, with a limited test programme, of a laboratory video 
bandwidth link, intended to show that the transmission of video via a 
point-to-point atmospheric link is feasible. One solution.to the problem 
of providing the current drive pulses for the laser has been found.
Other possibilities exist that have not yet been explored, so the merits 
of each need further investigation. The system used allows 33 dB of 
power loss between the transmitter and the receiver. With simple 
improvements to the lens system of the transmitter the tolerable overall 
optical loss from transmitter to receiver would increase to 47 dB, 
allowing operation over several kilometres.
Amongst other tests was a visual observation using an off-air 
Test Card *Ff as a test signal transmitted through the link. A photo­
graph of the received picture is shown in Fig. 5.13.
The expected optical reliabilities of this link have been 
indicated using reliability data obtained from the tests of the audio 
link. High reliability ispossible at a range of 1 km - typically between 
98% and 99%. Equal reliability is possible at greater ranges if opera­
tion is not required at the pre-dawn period of the day.
The security of these links has been shown to be high, and can 
be simply achieved by control of the output power and beam radiation 
pattern. This feature removes restrictions on the use of links in 
close proximity.
In summary, the results of the work show that there is no 
reason on grounds of visibility that should prevent free space links 
from being widely used, provided great ranges and high reliabilities 
are not simultaneously essential. Low.powered transmitters for speech 
bandwidth have been demonstrated, as has video bandwidth transmission.
The originality of this thesis lies in:
(i) The design and development of a fully engineered proto­
type optical communication link following a systematic study of the 
design compromises and trade-offs necessary, in particular with the 
specific aim in view of minimising transmitter power consumption.
(ii) A solution of the electronic circuitry problem of 
generating a pulse drive for a laser diode, enabling the transmission 
of wider bandwidth video signals over an atmospheric optical link.
(iii) The demonstration of a video bandwidth link of high 
quality and performance using the principles developed previously.
(iv) The results of a long term test programme demonstrating 
the potential usefulness of this type of link - sufficiently convincing 
to have persuaded at least one organisation to invest in and install 
two such links to their satisfaction, and to be considering a third.
Ch a p t e r  Tw o
Re v i e w  o f  At m o s p h e r i c  E f f e c t s  a n d  D e v i c e s
2.1 INTRODUCTION
This chapter consists of a discussion of the principal factors 
relevant to atmospheric optical communication systems. Since the first 
part of this work is concerned with a link that has to conform to certain 
mechanical and power restrictions, these factors are fairly prominent 
in what follows.
An obvious peculiarity of an unguided link is the effect that the 
atmosphere can have upon its performance. These effects tend to take 
on a cyclic trend, albeit a Combined daily and seasonal cycle, but the 
more random influence of the time-varying weather can, and usually does, 
dominate. Effects producing attenuation are perhaps the most important 
and most readily come to mind. Other features can result in noise in a 
receiver and introduce loss into the transmission path, and these are 
also included in the discussion.
Optimum performance from a link can only be achieved with the most 
suitable choice of devices and combination of devices for both launching 
into the medium and collection and subsequent detection of the radiated 
signal. In this work whete transmitter input power is to be minimised, 
the choice and use of the most suitable optical source and detector, 
together with the necessary optical components is most important. Some 
of the possible optical sources and detectors are discussed, and included 
are the detectors1 all important noise characteristics. Although the 
optical components are quite basic, a brief discussion on these is included 
for completeness.
2.2 ATMOSPHERIC EFFECTS
The medium of an unguided optical communication system might con­
sist of the virtual vacuum of space, for instance in communication between
artificial earth satellites, or even from two points on the surface of 
the moon (although the use of more conventional non line-of-sight radio 
systems is much more advantageous here). Alternatively the medium may 
be the atmosphere, with all the associated effects it can have to the 
detriment of the operation of a point-to-point communication system.
Again, although possibly much less likely, the channel medium might be 
water, such as under the sea. Problems here are much more severe than 
even in the atmosphere.
This work was specifically based on the limitations imposed by the 
effects on the atmosphere, and only these will be discussed. The almost 
complete vacuum of space outside the earth's atmosphere is of course a 
special case of the atmospheric situation, in which there are none of the 
degrading effects the atmosphere has, and is therefore very much more 
predictable. The three most significant effects caused by the atmosphere 
are attenuation, background radiation, and the effects of turbulence. 
Dispersion might also become significant, but this would depend upon the 
specific parameters of an atmospheric system.
2.2.1 Attenuation
' The mechanism of optical path attenuation through the atmosphere
is caused by absorption and scattering. Except under specific circumstances
the transmissivity of the atmosphere is the same at near infrared wave-
lengths and in the visible region. The conditions where near-infrared
suffers less attenuation than visible occur when the scattering particles
are of such a small size compared with the wavelength, that Rayleigh
scattering is occuring. Such a condition exists when the visibility is at
least several kilometres, and a haze is visible in the distance, usually
most prominent in front of distant hills or dark trees, and this haze
does appear to have a bluish tint. The other relatively common occurrence
of wavelength dependent scattering is during the forming of mist or fog,
this is of course only a transient phase, as the aerosol droplets are
increasing their size prior to reaching stability. When these Rayleigh
scattering conditions exist, the attenuation at near infrared can be about
(9)one half that of the visible wavelengths. . The relationship between visi­
bility and attenuation is a simple one based on the reduction in contrast 
ratio of two objects of, say, different reflectivities, the visual range 
is defined as the distance at which this contrast has reduced to 2%.
This is equivalent to an attenuation by a factor of 50 times, which when 
expressed in dB is almost exactly 17. Thus a measurement of visibility is 
equivalent to a measurement of attenuation (in dB) or a measurement of
extinction coefficient (expressed in dimensions of per unit length), with
due regard to the variation of extinction coefficient or attenuation with 
wavelength. The extinction coefficient is simply related to the visibility 
by the following:-
3 91
3 = .... (2.1)
where, (3 is the extinction coefficient
and V is the visual range.
It has been found empirically that at different wavelengths the
following relationship holds:- 1 / 3
0 >58 5*V
B(X) = x .... (2.2)
where, V is measured at 0,55 ym and is the wavelength in ym. The 
accuracy of this extrapolation from 0,55 ym to 0,9 ym is uncertain because 
of the lack of data capable of verifying it.
In misty or foggy conditions, i.e. when scattering is within the 
Mie or ray optics region, measurements of visibility are generally relevant 
to attenuation at near infrared wavelengths. Some caution should be exer­
cised when applying visibility figures to infrared attenuation for two 
reasons. Firstly there might be uncertainty that Rayleigh scattering is 
not causing the scattering loss, and secondly the method of measuring 
visibility should be assessed for its accuracy.
The measurement of visibility has,in the not too distant past, 
been based on the subjective opinion of an observer looking at distant 
objects such as airfield runway lights, and knowing the spacing of these 
can state the visibility, termed "Runway Visual Range", in relation to 
the number of lights he can see. It has been shown that this type of
subjective measurement can be very variable, depending on the object 
viewed, the degree of distraction to whicfr the viewer is being subjected, 
and the viewer himself. Estimations of visual range have been made 
using nine subjects to investigate their contrast thresholds. The mean
of the thresholds of contrast ratio was 3.6%, the greatest figures were 
6% by two of the observers. This experiment was carried out with no 
other simultaneous commitments required to be carried out by the observers, 
and hence conditions may be described as having been "ideal11. An additional 
test carried out on "a pilot" and on "a motorist", which consisted of the 
maximum distance at which these viewers could read a vehicle number plate 
in conditions of poor visibility, were 67 yards and 25 yards respectively. 
Little detail of this experiment is known, but the variation of abilities
of individuals is clearly shown. For a dependable value, the visible
• . (1 2 }
range should be measured instrumentally, such as by an instrument v '
which compares the contrast ratios of two objects at a known distance,
and which for the instrument described is two metres. Such an instrument
has been manufactured, in some quantity, but in general other methods are
used, which rely on scattering techniques. Some instruments such as the 
(13)
nephelometor make a measurement of the light from an incandescent
source scattered through angles from nearly zero to approaching 180°. 
Extinction coefficients may be obtained corresponding to the range of 
visibilities over which this instrument is said to operate, from one metre 
to several hundreds of kilometres. Another type of instrument makes a 
measurement of forward scattered light at an angle selected such that the 
intensity of the scattered light is proportional to the extinction 
c o e f f i c i e n t E x t i n c t i o n  coefficients from 0.075 to 60 km"*1, corresponding 
to a 2% contrast ratio visual range from 52 km down to 65 m are within 
the capabilities of this instrument.
The various factors affecting attenuation at near infrared are 
no different from those causing poor visibility, such as haze, mist, fog, 
and the various forms of precipitation. Although both scattering and 
absorption each contribute to attenuation, the effect of absorption is 
never greater than about one seventh of that due to scattering 5 and 
that occurs in conditions of "good" visibility, which implies visual 
ranges of perhaps greater than 20 km. (Visibilities considerably greater 
than this do occur in this country, greater than 50 miles are known to 
have been observed by the author). In such high visibility conditions, 
the attenuation is caused by "haze", which as already mentioned, because 
of the small sizes of scattering particles is wavelength dependent.
Hence values for visibility become less accurate as a source of the value 
of attenuation at infrared. However, in more severe conditions, when
the visibility is no more than a few kilometres, larger aerosol particles
are involved and visibility and attenuation at infrared may be quite
(9) . . .
accurately related . The distinction between fog and mist is by arbi­
trary definition only, fog is deemed to exist when the visibility in 
"misty" conditions is less than one kilometre, and mist if greater 
than this. An important feature of dense fogs in relation to optical 
communication is that the attenuation can fluctuate by as much as 300
/1 c\
dB km-1 in a period of time of as little as 5 minutes , and clearly
this can make the prediction of attenuation in conditions of thick fog 
virtually impossible except perhaps as a statistical variation.
The size of fog aerosols vary from radii of 0.5 to 80 ym, but
with the dominant radii in the size distribution lying within the range
(9) .5 to 15 ym .But other workers have found different values for the
maxima of the size distributions of between 2 ym and 7 ym , these dif­
ferences themselves being related to the location of the fogs, the 
most marked differences occuring between fogs formed in valleys and fogs 
on high ground. These latter are indistinguishable from cloud. Various 
values for the mean radii of cloud aerosols have been made , and range 
from 10 ym for nimbostratus and 4 ym for stratus.
Precipitation causes attenuation and is effectively due only to
scattering of the optical beam. The drop size of both rain and drizzle
is much larger than the wavelength, and consequently scattering is not
a function of wavelength. Based on raindrops having reached their
terminal velocity in accordance with Stokes' law relating this velocity
(17)with the viscosity of air, Middleton shows that the scatter coefficient
is proportional to the rainfall rate, in depth of water per unit time, 
and inversely proportional to the cube of the drop radius, i.e. prop­
ortional to the mass or volume of each drop. The relationship is:-
a = 1.25.10” 6.—  .... (2.3)
where, a is the scatter coefficient
z is the rainfall rate, cm.s” 1
r is the raindrop radius, cm
From this it is shown that the scatter coefficient is a function of the 
number of drops falling per unit time on unit horizontal surface. 
Measurements made on the extinction coefficient ’ (19) ^ reiate this to 
the rainfall rate, and are consistent with each other, both deviating
slightly from direct proportionality, indicating that drop radius varies
(9) (19)
with rainfall rate • Measurements are also presented v indicating the
extinction coefficient as a function of snowfall rate, but the very nature
of the shape of individual snow flakes makes theoretical prediction of its
effects seemingly impossible.
2.2.2 Background Radiation
Any radiant power to which an optical receiver is sensitive will 
produce a photocurrent with its associated shot noise. The detector 
within the receiver will itself be sensitive only to a limited part of 
the optical spectrum, but this might be further reduced by an additional 
optical filter, either band pass, or a high or low pass type. Obviously 
the less background radiation that is incident upon the detector within 
its sensitive range, the less will be the shot noise content of the 
detector output. This noise is processed along with the desired signal 
and can only degrade the overall system performance, and.hence there is 
the general need for filtering. The source of this energy may be from 
reflected or scattered sunlight, from "black-body" radiation from terre­
strial objects, natural or artificial, from artificial lamps, e.g. street 
lamps, or from extra terrestrial sources such as the moon or stars.
There are two methods for expressing the input optical energy 
to a receiver depending upon whether the source of energy is from a 
"point" source or from a diffuse source. From a diffuse source, such 
as the blue sky or clouds during daylight hours, the spectral radiance 
is the most useful parameter, with dimensions of power per unit solid 
angle of view per unit area per unit optical bandwidth, these expressed 
as parameters of the receiver, with bandwidth in terms of wavelength.
For a point source, spectral irradiance is used, expressed as power per 
unit area of the receiver’s collector, per unit optical bandwidth 
expressed in wavelengths. If it is present the attenuation of the optical 
filter within its passband should be taken into account since this reduces
the background energy incident on the detector. Hence knowing four 
parameters of the receiver, optical bandwidth, field of view, collecting 
area, and optical filter loss, figures for the spectral radiance of a 
diffuse background, or for spectral irradiance of a point source within 
the field of view of the receiver, the power reaching the detector may 
be calculated.
Considerable variations in this background power received by 
a receiver can be encountered, particularly between day and night time 
working. At 0,9 ym, values as high as 400 W 2ym“ 1sr~1, , during
daylight hours have been recorded, falling to 10 yWm"’2ym~1sr”'1 with a
(21) . . 
clear dark night sky . Afigure has been given for the spectral
(22) o n i
irradiance of the full moon at 0,9 ym, 5.10"dWm“-/ym” 1, although 
care should be exercised when using this figure since a receiver may 
not have sufficient field of view to image the whole of the moon.
The significance is however slight because if the moon were to form the
background for a receiver, it would generally remain so for only a minute 
or two at the most. Stars are also a possible source of background rad­
iation, but they vary considerably in irradiance and regularity of angular 
spacing, and have in any case very low irradiance values even compared
with the moon. Figure 2.1 shows the distribution of their irradiance
(9)
values, and was adapted from Hudson .
The optical filters used to reduce the background radiation 
collected by the receiver may be either of the dyed glass type (Schott 
Glass), or of the multi-layer dielectric interference type. Dielectric 
filters can be made with very narrow bandwidths, but become sensitive 
to the direction of transmission of light.
2.2.3 Turbulence
Turbulence within the atmosphere results from the break-up 
of laminar-flow air from either wind movement or thermals. This 
break-up may be caused by the moving air being interfered with by nearby 
solid objects, or by the sub-division of larger eddies into smaller 
because their energy content exceeds a critical level determined by the 
Reynold's number. These smaller eddies may themselves split up so 
forming even smaller eddies. This process continues and there will then
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be a range of eddies from several metres down to millimetres in size.
Each eddy has associated with it a refractive index, a temperature, and 
(23 (2A)
a velocity • ’ . The forming of eddies and the consequent turbulence has
(25)
been clearly observed to occur between sunrise and sunset over a one
kilometre test range. The scattering coefficient of eddies, which are
within the beam path as might be, say rain drops, have negligible effect
(25) .
upon the scattering loss in relation to other scattering objects within
the beam. If the transmitted-beam is polarised, the depolarising effect
of turbulence whilst it does occur, is very small, amounting to some
160 dB between the original direction of polarisation and its normal
(26)
direction .
One consequence of turbulence that might become detrimental to 
the performance of an atmospheric system is movement of the beam at the
receiver. Clearly if this movement should become too great, the receiver
may no“ longer receive transmitted power. Over two ranges, 480 m and
(27) . . .
1380 m  ,the standard deviation beam position movement was measured
at 7.3 mm and 30 mm respectively. These were maximum values which occurred
at noon. Additionally, Chiba has shown that beam spot "dancing" was
proportional to:
, N17/12
(range)-------- ... .... (2.4)
(beam diam) ^
The forms in which this deflection of the beam can show itself can be 
either to deflect the whole beam, which occurs if the eddy sizes are 
greater than the product of wavelength and range, or beam scintillation 
and beam spreading if the eddy size is smaller than the product of wave­
length and range ^^. Measurements have been made of the short term
fluctuations of the angular displacement of the incoming beam at a 
receiver. The maximum standard deviation measured was 40 yrad, the
typical value was 13 yrad. The beam diameter used was 6.8 mm. Another
(29) . . .  .
author >whilst discussing the effects of dielectric interference filters,
states that fluctuations in received angles of up to about 10 secs of
arc, i.e. about 50 yrad occur. This is a relevant parameter in relation
to an interference filter because the bandwidth of such a filter increases
as the angle of the transmitted beam deviates from the normal.
In a heterodyne system, the phase of the incoming optical 
signal is relevant, and a uniform wavefront is desirable. Complete 
cancellation or fading can occur if the wavefront is excessively 
disturbed. Almost 100% amplitude modulation has been measured over
a 0.5 mile range, with optical bandwidths of up to a few hundreds of 
hertz.
(31)
Brookner has measured the bandwidth of these intensity fluc­
tuations extending to about 250 Hz.
The fluctuations in phase at the receiver are caused by varia­
tions in optical path length. The larger the size of the eddy, the
larger will be its refractive index difference from the surrounding 
. (32) .
air and it will therefore be more effective at disturbing the wave- 
front on the beam. This random fluctuating in phase is equivalent to 
a frequency modulation of the optical beam, the deviation being only 
of the order of 100 Hz or so.
For an incoherent optical communication system the loss of coherence 
at the receiver is in itself of no consequence. However, the amplitude 
modulation effects might be important if the receiver area is small or 
of the same order of size as the size of the ’speckles’. The predominant 
speckle size is given by VAR where A is the optical wavelength and R 
is the range. There is however a saturation effect to the variation of
intensity of the beam and this will be reached after traversing about
(33) .
1 km of the atmosphere horizontally . . One way of overcoming this
potential problem is to make the receiver collecting area sufficiently
large so as to ■"collect" many speckles at a time, i.e. aperture smoothing.
If the location of the beam is such as to pass through air just 
above, say, a sun-heated stone or paved surface, then the beam deflection 
which occurs could be so severe that none reaches the receiver. This is 
the normal "mirage" effect often visible when looking along a line of 
sight just above a sun-heated surface. This thermal inversion causes an 
upward deflection of the beam, and the only usable method which will 
restore the channel would be to relocate the transmitter and/or receiver, 
to keep the beam clear of the heated air. The normal temperature lapse 
rate results in a downward bending of the beam, as given by Lawrence
C = 32,6 + 0,93 ^  yrad.km 1 .... (2.5)
, dT . . 0Tr . — i
where, —  is the temperature lapse rate in K.km 1
2.2.4 Dispersion
Dispersion in an atmospheric medium might be expected to occur, 
manifesting itself as pulse shape distortion, since the refractive index 
of the atmosphere varies with frequency. The effect of this has been 
shown in clear conditions for two shapes of optical pulses, rectangular 
and Gaussian. This time-spread of pulses on a modulated optical carrier 
occurs, of course, because the application of modulation to the optical 
carrier has the effect of adding sidebands to the original carrier in an 
identical way to that of, say, conventional radio wave modulation. The 
extent of the time distortion of the received pulses can therefore be 
expected to be a function of the original shape, and hence sideband 
structure, of the transmitted pulse. This broadening is not to be con­
fused with multipath reception. A complication adding to the difficulty 
of prediction of the dispersive effect of the atmosphere on a pulse 
signal is introduced by the variable nature of the refractive index of 
the atmosphere brought about by variations along the transmission path, 
for example that due to atmospheric turbulence and its associated tem­
perature fluctuations. Values of the broadening that might be expected
(34) .
have been given for a rectangular pulse of 1,3 ps duration after
vertical transmission through the whole atmosphere (equivalent to 9 km
(31)
horizontally in terms of the degradation caused by clear weather effects ) 
being an increase in half amplitude width of 10%. A 1,6 ps <3aussian pulse, 
again transmitted vertically can be expected to be increased by about 
30% in width measured at the point.
Whilst not caused by the same mechanism as dispersion, some
change of shape of pulses has been observed when passed through clouds.
The shape change is visible as the introduction of a tail to the original
(35)
pulse, lasting typically some microseconds . However, .
-the attenuation caused by this cloud would almost 
certainly be the dominant source of failure.
2.3 OPTICAL SOURCES
There are a number of basic properties that optical sources 
suitable for communications should have, and there are some other 
characteristics that might be desirable to suit particular communi­
cation links intended for more specific purposes. In general terms 
there are two approaches to producing a modulated optical source trans­
mitter. One is to directly modulate the radiation source itself, and 
the other is to use a separate modulator, which in effect acts as a 
variable optical attenuator. These modulators usually require the 
input optical beam to be collimated and with diameter of typically 
a few tenths of a millimetre . Clearly the gas laser is suitable 
here. Other sources that are applicable to communications use are the 
semiconductor radiators, light emitting diodes (LED's) and GaAs lasers.
The use of tungstan incandescent lamps might even be considered, but 
their limited modulation frequency response, in the low kilohertz rate, 
precludes their use in all except the most basic of systems. The wide 
spectral content of a filament lamp’s output introduces problems. One 
is that the use of a 'background' reducing optical filter may not be of 
any significant advantage, because reduction of background power will 
also reduce the signal power. The other possible disadvantage is that 
of finding a suitable detector which can make the best use of the 
radiated spectrum. Although the incandescent lamp is efficient at 
converting the input electrical energy into electro-magnetic radiation, 
this advantage is lost if this radiant power cannot be efficiently 
detected. Factors governing the suitability of each type of source include 
the electrical efficiency, power requirements, the operating temperature, 
weight, general ruggedness, and radiation wavelength. The wavelength 
should be such that the atmosphere does not introduce excessive attenua­
tion, and that Suitable detectors are available. If there is a choice 
of whether or not the output should be within the visible range, it may 
be made by the need for security or ease of aiming the transmitter and 
receiver at each other.
2.3.1 Gas Lasers
Gas lasers are available over a wide range of output wave­
lengths, both within the visible spectrum and outside it. Their 
coherence is good, and with their low output bandwidth have a co­
herence length of at least one or two kilometres. They have a wide 
exit pupil, in terms of the wavelength,, and being diffraction limited
are well collimated. Typical divergence angles from lasers of one
. . . (37)
milliwatt outputs are one milliradian . Some comercially available 
low cost HeNe lasers may be directly modulated, but only up to the 
low hundreds of kilohertz, so a gas laser would normally require a 
separate modulator. One problem that can then arise is the need to 
maintain optical alignment between all the necessary components.
This may be easy in a laboratory environment, but some careful engin­
eering of an assembly would be required if the final instrument were 
to be portable. Many modulators using optically active materials 
such as lithium niobate have been made, but most are very temperature 
sensitive. Examples that are not temperature sensitive have been made 
by Clark and Joynes
The overall efficiency of a laser, and its modulator if required, 
may be rather low. The efficiency of HeNe lasers is-about 0,1%, 
whilst that of CO^ lasers may be up to 20%. The modulator drive 
power.contributes nothing to the output power and therefore only adds 
to the losses, the overall efficiency of a laser with modulator may 
then be no more than 0,01%. Again depending upon the intended purpose 
of the transmitter, the generally large physical size of a gas laser 
with modulator may be a very relevant disadvantage. At the time . 
of writing the smallest HeNe laser tube is 15 cm long, the power 
supply is a separate unit connected by a cable. However, the higher 
the power output the longer is the discharge tube. Lifetimes are 
long, and may be measured in terms of tens of thousands of hours.
2.3.2 . Light Emitting Diodes (LEDs)
A wide range of electroluminescent emitting diodes are 
available, operating within the visible region and in the near infra­
red. The visible emitters are normally intended for use as indicators,
but this does not preclude their use for communications. Low power 
GaAs emitters, which radiate at or near 0,9 ym, are particularly 
suitable since their output wavelength occurs at the most sensitive 
wavelength of silicon detectors.
Maximum output powers are of the order of tens of milliwatts, 
but the higher power devices tend to have longer rise and fall times. 
Typical rise and fall times of diodes with output powers of up to a 
few milliwatts are about one nanosecond, and because of this they are 
very suitable for low output but wide bandwidth (many tens of MHz) 
communication systems. The efficiencies of these sources are typi­
cally of the order of 2%, which although very poor in itself, is very 
much better than that of gas lasers. They are physically small, 
light, and quite rugged. Operation at room temperature is possible, 
even for • CW modulation. There is a limit on. the mean thermal power 
dissipation, and consequently greater peak output powers are achiev­
able if a pulse modulation system is adopted.
The basic radiation pattern from the semiconductor junction is
Lambertian, but almost invariably is modified by a lens of an epoxy
resin, which forms the output window of the device. The lens, which
is in contact with the semiconductor, also increases the available
(38)
output power from the emitter. Diodes have been made with small
emitting areas and which allow an optical fibre to be mounted in close 
proximity to this emitting area.
2.3.3 Solid State Lasers
Solid state lasing diodes have the advantage over emitting
diodes of much greater light output, without the loss of speed that
occurs with the higher output LED’s. By far the most significant
disadvantage of laser diodes in general has been the limited and
uncertain lifetime, making the reliability of a system using such
a source very uncertain. However, over the last few years, a
considerable amount of work has been carried out to identify the
problems and enable reliable devices to be made. Long lifetimes and
(39)
CW operation at room temperatures have been reported , which 
indicates that reliability will cease to be a problem.
Many different wavelengths are possible from laser diodes 
by choice of semiconductor material For communications, GaAs
diodes with their output wavelength of about 0,9 ym have advantages. 
They have been made with several different geometries f each
with its own limitations of, for instance, output power, duty ratio, 
and maximum modulation rate. Two examples are:-
Structure
Optical
Output
Maximum
Current
Duty
Cycle
Maximum
PRF
Single heterostructure 
Double heterostructure
Up to 10 W 
Up to 1 W
40 A 
5 A
0,5%
10%
Low kHz 
Many MHz
One characteristic of laser diodes is that the emitting 
area is a line source. When focussed onto the receiver plane, the 
image of the source would have a high aspect ratio, which could 
make the task of pointing the transmitter difficult in one plane. 
Simple optical arrangements would then be necessary to overcome this 
difficulty. A different solution might be to have an array of diodes 
suitably arranged geometrically to form a beam profile with nearer 
unity aspect ratio.
There are a number of different ways of driving laser diodes,
(42)and a choice can be made to comply with the operating parameters
Whatever circuit is used, the current drive should have fast rise.
and fall times, since a slow rise time results in heating within
the diode, without lasing. The increase in temperature results in
an increase in the threshold current. Since the threshold current
increases proportionally as the exponential of the temperature, the
result of a poor drive current waveform is a lowering of the optical
output power Some 'ringing' can occur on the optical output
(43), (44)
in response to a current step input . This can cause some
distortion of short pulses, when their durations are of the order of 
1 ns or less, and also result in a damped oscillatory output, lasting 
for a few cycles, to be present on a longer pulse.
Yet another complication is that there is a delay in time 
between the application of a step or pulse of current and the onset
(45) .
of laser output , typical values being one or two nanoseconds.
Two methods have been adopted to overcome this problem. One is to 
shape the drive pulse waveform to have an 'overshoot1 on its leading 
edge to build up rapidly the population inversion required for lasing 
action. The other is to bias the diode with a current which is just 
below the threshold current, and to add to that a second such that 
the sum exceeds the threshold current. The disdavantage of this 
method is the heating produced by the bias current, and the consequence 
of this is that the amplitude of the pulse which can be used is rela­
tively small. With a bias current of 650 mA and a pulse current of
100 mA a modulation rate of 200 Mbit.s” * had been achieved
. . . -l • (44)
In a similar manner, 1 Gbit.s 1 has been obtained v , using a bias
of 120 mA and an additional 10 or 15 mA pulse current.
2.4 DETECTORS
An ideal detector should be sensitive to all the incident optical 
radiation but should not itself be a source of noise. Background radia­
tion will result in shot noise at the detector output. Since this is 
unavoidable it should, where possible, dominate other noise sources, 
and under these conditions, the most important parameter of the detector 
is its responsivity. Subsequent amplifying and signal processing stages 
should not degrade the signal obtained from the detector, and some 
care may be needed in the design of amplifiers immediately following 
the detector.
The active area, mechanical shape, operating temperature, 
and electrical power requirements may also influence the suitability 
of a particular detector for an individual communication link.
2.4.1 Detector Types
There are various types of detector suitable for the 'optical' 
spectrum, each covering their own characteristic band from the ultra­
violet, through the visible, and into the infrared region. In the 
context of this work the number of realistic possibilities is limited 
to three or four types on the basic considerations given in section 2.4.
One constraint is that the detector should be sensitive to the
wavelength of possible transmitter radiation sources, and this
wavelength should lie within an atmospheric ’window’, where the
effects of molecular scattering by the constituents of the atmos-
(47)
phere are insignificant . Also it must have an adequate elec­
trical bandwidth for the proposed modulation system, although the 
choice of modulation might be governed or at least influenced by 
the speed of the response of the detector. In addition to the 
optical and electrical properties, the detector should not be 
inconvenient to use by virtue of its physical size, operating temper­
ature, and the power supply it requires.
Photo-transistors are sensitive in the visible and near infra­
red parts of the spectrum. Their limitation lies in their narrow elec­
trical bandwidth, typically only ten kilohertz or so. Whilst this is 
sufficient for the most basic of amplitude modulated audio bandwidth 
communication systems, it is quite inadequate for a system which is 
potentially capable of taking full advantage of more sophisticated 
modulation methods.
The remaining detectors worthy of detailed consideration are 
the photomultiplier and the silicon photo-diode, both with and 
without avalanche gain.
2.4.2 Detector Noise
The upper limit to the demodulated signal-to-noise ratio is 
governed by the carrier signal-to-noise ratio at the output of the 
post-detector low noise amplifier, or at the detector output if 
such an amplifier is not used. At this point in the signal chain 
the required carrier signal-to-noise ratio may be considerably poorer 
than the final demodulated signal-to-noise ratio. This is normally 
the case in pulse time systems, where carrier bandwidth may be 
reversibly exchanged for signal to noise ratio. Where the minimum 
possible transmitter output power and hence minimum receiver input 
power is called for, the use of the detector which requires the 
least optical signal is crucial.
In general the signal power from a detector is given by
i s \ =  (£Ps.M)2 .... (2.6)
. . (48)
and the noise power by
i r X  = 2e{5 (Ps + PL) + Id}B.M2x + ^   (2.7)
n
where is the input resistance of the following amplifier
£ is the responsivity of the detector
P g is the optical signal power
M is the current amplification factor
P'k is the background radiation
1^ is the dark current
B is the post detector electronic bandwidth
R is an equivalent noise producing resistance, generally 
appreciably higher than its input resistance.
Hence the signal to noise ratio is
(£PgM) 2
‘ 2x 4kTB .... (2.8)
2e{?(Ps + Pb) + Id}BM^X + ^
n
For a PIN diode, M = 1, and for a photomultiplier, x - 1.
Also, R^ may be a function of the bandwidth B, and is dependent on 
amplifier design. The value of x becomes significant when applied to
an avalanche photodiode, and has the approximate value 1,15 for a
' . , . (49)silicon device .
One circuit model for silicon photodiodes ^ ^ i s  shown in Fig. 
2.2. TM f is the current gain, and is unity for a non-avalanche gain 
detector. Here, 'x' is typically 1,15, so amplifying noise currents 
more than the signal current.
is
Fig, 2.2 Noise Model of Photodiode Detector
If the following amplifier is reasonably well designed, then 
all its significant noise, if any, will originate from the first
stage active component. For practical analysis, equivalent circuits
(51) .
as shown by Rokos may be used for the amplifier. Fig. 2.3
shows the bipolar transistor model, and the FET model is shown in
Fig. 2.4.
2.4.3 Choice of Detector
This work is concerned with the problems of realising satis­
factory performance from a suitably engineered atmospheric communi­
cation link, using a minimum amount of transmitter power, and capable 
of operating both during the daylight hours and at night. When day­
light is present, some of this radiation will be collected by the re­
ceiver as background Radiation1, resulting in noise being added to 
the received signal. A detector type may be chosen and operated to 
maximise the signal to noise ratio at its output during daylight when 
the background is at its greatest level. As already discussed in 
Section 2.2.2 the detrimental effect of this background radiation may 
be minimised by an optical filter, and this applies irrespective of 
the detector type. If, after optimum filtering, the dominant noise 
is still caused by background radiation, then the choice of detector 
should be made by considering this noise alone.
As the level of radiation falls, say at night, the noise 
level will also fall, and take up a new value, determined either by 
the night-time radiation level, which might include noise from the j
modulation on mains-powered electric lamps, or by other noise- 
producing processes,
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within the receiver, the latter being more probable. Under night-time 
conditions, a detector selected for the best day-time working may no 
longer be optimum, and better night-time results may be achieved by 
making suitable changes. Even without alterations, the night time 
performance would still be better than during day time because of the 
reduction in noise level, so daylight working is more critical when 
making noise level assessments. The change in operating conditions 
is the basis of the 1 adaptive’ receiver.
In a situation where background radiation is the dominant 
source of noise, then the signal to noise ratio at the detector 
output, from equation 2.8, is given by:
S ^ s 2   (2.9)
N 2eP BM^2x 
b
The signal to noise ratio can be maximised by choosing a detector 
with maximum *£’ and with minimum ’x 1. Responsivities of photo­
multipliers have values of a few mA per watt, whilst for silicon
1 -i
detectors maximum values of about 0,6'AW are typical. The value 
of ’x 1 for an avalanche diode is greater than unity, so a diode 
with unity gain would be the best choice.
At higher bandwidths, the term u4kTB/Rnn in equation 2.8, 
representing noise contributed by the following amplifier, will 
become significant, since b/R^ increases with frequency, and will 
eventually dominate 'background* noise. When the amplifier noise 
is dominant, the signal to noise ratio is given by:
S _ a P sM)2   (2.10)
N 4kTB/R 
n
Clearly with this simple model a high value of both *£’ and 'M1 are
desirable, but the shot noise increases more rapidly with increasing
’M* than does the signal term, and at some value of 'M* there is a
maximum signal to noise ratio. A simple graphical method for finding
the optimum gain has been shown by Kordes , and the variation
of required optical signal to achieve a signal to noise ratio as a
(52)
function of gain has been presented by Turner v
If considerations of maximising signal to noise ratio do not 
result in a clearly defined decision of what detector to use, then 
there are several other features which should be taken into account. 
These are the active area of the optically sensitive region, the 
physical size and ruggedness of the detector, and the required power 
supplies, which particularly for avalanche photodiodes need very 
careful control.
' r
2.5 OPTICS
Lenses suitable for the visible part of the spectrum are in 
general satisfactory at near infrared wavelengths. They may be made 
from glass or acrylic plastic, but some early glass lenses have 
constituents that make them quite lossy at near infrared; these 
can be detected by their greenish colouring. Loss through normal 
lenses is about 10% at both visible and near infrared.
Glass lenses with diameters of greater than about 10 cms tend 
to be heavy and can create problems of mounting and pointing the 
transmitter or receiver. There are two solutions which can be adopted 
to overcome these difficulties where larger diameters are required.
One is to use a mirror, generally aluminium-coated glass, and the other 
is to use a Fresnel lens. Although good quality mirrors are ground 
from thick glass, they are considerably lighter and easier to mount 
than lenses of similar focal length. The disadvantages of Fresnel 
lenses is that the definition of a focused object is generally no 
better than the width of the annulus rings, and in practice this would 
probably be similar in size to the light sensitive region of a diode 
detector or the emitting area of a light emitting diode.
The radiation pattern from a transmitter using.an LED is simply 
a projected image of the emitting surface focused at infinity, and 
the beam angle is given by the width of the emitting area divided 
by the focal length of the lens. The situation is usually slightly 
complicated by an epoxy lens mounted in contact with the semiconductor 
material, which increases the effective area of the emitting surface. 
The laser diode is a "line" source, and to obtain an aspect ratio of 
nearer unity at a receiver plane two lenses may be required, one
cylindrical or spherical, and a second cylindrical, each with suitable 
focal length and orientation, and mounted at the correct distances 
from the laser.
Any radiation not collected by a transmitter lens is lost 
from the main output beam. The relevant factor indicating the extent 
of this loss is the angle subtended by the lens at the optical source, 
and since the lens would be at a distance equal to its focal length 
from the emitter, the important parameter of the lens is its *f- 
number'. The f-number then relates the optical loss to the polar 
radiation pattern of the diode. The desirable beam angle from the 
transmitter is a compromise between obtaining the maximum power density 
at the receiver, and the ability or ease of pointing the transmitter.
In the receiver, the angle of view is set by the ratio of 
detector diameter to focal length of the optical system. Provided 
the plane at the receiver 'illuminated* by the transmitter is 
greater than the receiver area, then this area determines the energy 
collected, although some loss may be expected in the receiver’s optical 
system. The angle of view of the receiver is also a compromise, 
between reduction of unwanted background radiation, which is proportional 
to the angle of view, and the ease of aiming the receiver at the 
transmitter.
2.6 SUMMARY
The many factors affecting the engineering design philosophy 
of atmospheric optical links have been discussed in general terms, 
and with a strong bias towards our low power audio bandwidth 
system proposed here. The various effects of the atmosphere from 
simple attenuation to other more complex phenomena, so important 
to this form of communication.have been dealt with in some depth.
The potentially usable radiation sources have been dealt with, 
together with their.noise characteristics and those of amplifying 
devices which are necessary with some detectors. A choice of emitter 
and detector type is made from the factors specifically applicable 
to the low transmitter power link.
Ch a p t e r  T h r e e
Mo d u l a t i o n
3.1 INTRODUCTION
The importance of the type of modulation system used in an 
efficient optical link cannot be overstressed. Several modulation 
methods are possible, and a choice from these must be made to suit 
any constraints to which the link is to comply. This selection 
might be made on the grounds of receiver simplicity, limited available 
spectrum, minimum signal to noise ratio, performance with poor carrier 
signal to noise ratios and so on.
The first part of this work was aimed at minimising the trans­
mitter d.c. supply power requirement rather than achieving the maximum 
possible demodulated signal to noise ratio, bandwidth, or range. This 
might be done by choosing a modulation to minimise the necessary optical 
output, but clearly a modulation system that required electronic circuitry 
consuming a relatively large amount of d.c. power to do this could be 
worse off in terms of supply power consumption. In view of this, the 
modulation must be fairly simple to realise in hardware. In the event, 
the result of analysis of various systems indicated electronic tech­
niques that consumed negligible power in relation to that consumed by 
the LED and drive circuitry.
This chapter sets out to discuss the various factors governing the 
choice from the modulation systems that may be possible, again with 
minimisation of transmitter input power being the prime consideration. 
Since optimum signal-to-noise ratio and distortion levels are a requisite 
of the link's performance, those levels that would result from each 
modulation system and their associated parameters are included in the 
discussion.
Finally, a choice of modulation is made together with the optimum 
parameters of that system.
3.2 SPECIFICATION FOR LOW-POWERED TRANSMITTER LINK
The low power optical link had to comply with a specification 
laid down by an outside contractor, who had a particular application 
for the link. The design task involved both a theoretical study to 
determine the optimum modulation to be used, and how to overcome the 
mechanical and electronic engineering problems incurred as a result 
of the restrictions imposed by the specification.
The transmitter had particularly stringent requirements put 
on it, both mechanical and electrical, associated with its small size 
and low power consumption. The receiver had a more relaxed specifica­
tion, in that minimizing the electrical input power was not an objective 
of the work.
The specification to which the link is to comply is as follows. 
Mechanical:
Transmitter outside diameter 25 mm
Transmitter length: as short as possible 
Receiver outside diameter 150 mm
Receiver length: suitable for the optics
Electrical:
Transmitter input power minimum possible
Supply source primary batteries
Transmitter input impedance 50 kfi
Receiver input power: via mains/battery, switchable 
Receiver output impedance 50 ft
Information Channel:
Signal-to-noise ratio 55 dB
Dynamic range 40 dB
Signal-to-distortion ratio 45 dB
System "down time" due to weather, i.e. time 
when the above signal-to-noise ratio and 
signal-to-distortion ratio are not met 10%
Range 100 m
Input signal spectrum: centre frequency 30 kHz
bandwidth 3 kHz
3.3 RANGE LOSS
There is loss in an optical communication link as a result of 
incomplete interception and detection of the diverging transmitted 
beam by the receiver. This loss is in addition to optical losses 
within the transmitter and receiver and to loss caused by poor 
weather, and is the basis for the range equation.
The range equation may be expressed in two useful ways for 
optical communication. One is to evaluate the maximum range over 
which a link can operate. Knowledge of some characteristics of the 
transmitter and receiver are needed for this, and the relevant 
equation is:
The second is to indicate the optical loss that will be incurred 
between the terminals of a link, again some of the parameters of the 
transmitter and receiver are required. This is given by the expression:
A nomogram has been developed and used, as shown in Fig. 3.1, 
to enable this loss to be estimated from knowledge of the transmitted 
beam angle, the range, and the receiver area or diameter. An indicated 
negative loss is simply evidence of insufficient range for the trans­
mitter divergence to result in any loss, and a value of zero is all that 
should be assumed.
. (3.1)
where R is the maximum range
m
0 is the transmitter full-width beam angle
A is the receiver area 
r
P is the transmitter output power
and P ^ is the minimum receiver input power.
Loss = 10 x log dB (3.2)
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3.4 SQUARE LAW DETECTION
A fundamental feature of photodiodes and photocathodes is that 
over a wide range of values, the photocurrent is proportional to the 
incident optical power. It directly follows that the electrical out­
put power is proportional to the square of the incident optical power. 
This is a basic difference between detection of optical signals and radio 
frequency signals. It leads to a different approach in the choice of 
modulation system, where the use of high peak optical powers can take 
advantage of this feature.
pulse width, then the maximum signal-to-noise ratio from a received 
pulse is given by the proportionality
Since optical energy per pulse is equal to the product of peak 
power and pulse duration, then the following relation holds:
where B is the electronic bandwidth.
This indicates that the required energy per pulse decreases 
with increasing bandwidth, i.e. reduction of pulse width, with no 
change in signal-to-noise ratio. A modulation system using a repeti­
tion of pulses would therefore require less mean power as the pulse 
width is reduced.
Provided the bandwidth of the system has been optimised for the
(3.3)
where - i s  signal-to-noise ratio
P o ^  is the peak power from the detector 
and T is the pulse width.
i.e .. (3.4)
where P t is peak optical power.
Q I
E ^ x T 2 
N . (3.5)
where E is the pulse energy.
x B (3.6)
However, the pulse width cannot be reduced indefinitely, with 
the intention of increasing the signal-to-noise ratio. Not only must 
there be practical limits to the peak output power capability of any 
optical source, and intrinsic limits to the bandwidths of the emitter 
and detector - apparent in pulse systems as minimum rise and fall times 
but also because a limit is reached when increasing the post detector 
bandwidth will at some point result in an increase in noise power at 
a greater rate than proportional to bandwidth. This noise can arise 
from within the detector diode or from the post detector electronics.
3.5 PULSE MODULATION SYSTEMS
3.5.1 Pulse Amplitude Modulation
This simple form of modulation consists of pulses at a constant 
repetition rate, with modulated amplitudes proportional to the value 
of the information signal at the time of sampling. Demodulation 
may be carried out by some process such as band-pass filtering. 
Providing the sampling rate complies with the Nyquist criterion and 
the filtering or equivalent process rejects all harmonics of the pulse 
carrier components, non-linear distortion does not inherently occur. 
However, to some extent with an LED and particularly with a laser diode 
the optical output is not directly proportional to the drive current, 
and this can’cause non-linearity. This also applies to simple ampli­
tude modulation, but such modulation may be discounted on other grounds
(53)The signal-to-noise ratio of a PAM system is given by
fs / S
N
out /
Nk,
•
pulse
2.6S .... (3.7)
where fg is the sampling frequency,
and B is the bandwidth to which the output demodulated signal is
limited.
This modulation does not necessarily make the best use of the 
available optical carrier bandwidth, and in addition, the mean of 
the peak values of the pulses must be somewhat less than the maximum 
values obtainable, which results in a reduction in the pulse signal-to- 
noise ratio from that achievable. In addition, it is inherently suscep 
tible to distortion caused by fluctuations in transmission path losses, 
as can occur with a.m. radio systems.
3.5.2 Pulse Time Modulation
There are advantages in pulse time modulation systems over 
pulse amplitude systems, particularly in the context of optical 
modulation. One is that the generally poor linearity of optical 
-output power from a semiconductor source in relation to the input 
drive current, mentioned in Section 3.5.1, is not important in terms 
of distortion introduced in the demodulated signal. Also it is true 
that in general the signal-to-noise ratio of the final demodulated 
signal can be much higher than the pulse signal-to-noise ratio. This 
improvement is obtained in exchange for an increase in pulse carrier 
bandwidth over the signal bandwidth. In this work where atmospheric 
propagation is used, high pulse bandwidth is of negligible conse­
quence, for two reasons. Firstly, the dispersive effect of the atmos­
phere is very small in relation to realistic pulse parameters, as 
discussed in Section 2.2.4. Secondly, comparing an optical with a 
radio frequency system, separation between two channels of an R.F. 
system working in close proximity is generally achieved by carrier 
frequency separation, and wide carrier bandwidths imply more complete 
use of the available spectrum, so limiting the available number of 
channels. An optical system, on the other hand, less readily lends 
itself to frequency separation, but the ability to obtain fairly 
narrow beam widths does allow spatial isolation between links.
When compared with simple carrier wave amplitude modulation 
systems, most pulse time modulation systems are fairly complex in 
terms of modulation and demodulation methods, as is the hardware to 
realise these methods. Here, the aim is to accomplish satisfactory 
transmission of information with the minimum of transmitter power, and 
the complexity is a relevant factor to be considered.
3.5.2.1 Pulse Width Modulation
This classical form of modulation, sometimes known as Pulse 
Duration Modulation, conveys the information by variation of the 
duration of the pulses, where this duration represents the value of 
the information signal at the time of sampling. Since a reference 
exists, i.e. the leading edge of each pulse, for each sample to which 
this sampled value is referred, i.e. the trailing edge, d.c. information 
may be transmitted without the complexity of introducing separate
synchronising signals in some suitable form. Clearly though, the 
power transmitted between the two edges of a pulse only exists in 
order to define the edges, but in itself conveys no information.
It is therefore a source of power consumption which is undesirable 
and,superficially at least, unnecessary.
3.5.2.2 Pulse Position Modulation
Pulse position modulation is a solution to this inefficiency 
by effectively transmitting only the information edge of a Pulse 
Width Modulation carrier pulse but not the reference edge. This is 
done by sending a short pulse, and in the receiver, comparing it with 
a reference obtained from the incoming pulse signal. The disadvantage 
of PPM is that in general no d.c. component can be sent, unless known 
reference levels exist within the signal, such as do for the television 
video waveform. For speech this is not important but it would be for 
the conveyance of some types of medical data and telemetry. For 
signals such as speech, a receiver would need to generate a reference 
"time" from the incoming pulse signal, which is a simple process.
It is useful to define the uncertainty in time location of a
pulse in relation to the rms noise level present. A useful derivation
. . (54) . .
is given by Schwartz from the rms noise level and the pulse rise
time:
<Jt = t c -..      (3.8)
/ ( S 7 W )
Pulse
where a = rms uncertainty of location. 
xe = pulse rise time.
This is applicable to a time location system operating when the pulse 
leading edge exceeds a threshhold. The demodulated signal-to-noise 
ratio is given by:
—  = ---—---- _£ (3 9 )
N ,r 2 2 2b ---
4f
c t
where f = mean PRF, 
c
b = bandwidth to which the demodulated signal is 
limited.
This expression assumes a peak time displacement of from the 'mean1.
This is not a fundamental limitation to the time displacement, greater
. * -
displacement may be used with higher pulse repetition frequencies, 
in which case the demodulated signal-to-noise ratio is given by:
•v 2
T
m f
2§.   (3.10)
where is the rms time displacement from the mean.
3.5.2.3 Pulse Interval Modulation
. . (55)
This form of modulation, suggested by Ross , has some
characteristics of PPM and some of Pulse Code Modulation. Each 
sampling time interval is split up into a number of time 'slots' 
equal to the number of quantization levels tolerable in the trans­
mitted information signal. One pulse (kept short with respect to the 
sampling interval so as to result in a low mean duty cycle) is sent 
at the time corresponding to the sampled quantized value of the signal. 
At the receiver, the pulse is allocated to one of the time slots, and 
the output signal given this value prior to subsequent filtering.
The similarity to PPM is that only one pulse is sent for each sample, 
but as with PCM there exist only a limited number of discrete values 
it can be given for modulation.
There is then a minimum noise level possible, i.e. the quantiza­
tion noise level, irrespective of how arbitrarily high the pulse signal- 
to-noise, and hence its time location accuracy, is made.
3.5.2.4 Pulse Code Modulation
As is well known PCM requires several pulses to be transmitted 
per sample. In general they need to arrive at the pulse detector 
with a signal-to-noise ratio of no more than about 20 dB, but the 
higher pulse signal-to-noise required for, say, PPM, which requires 
only one pulse per sample would in general still result in a lower 
mean transmitter power - a consequence of square law detection 
by the optical detector. The advantages of PCM lie in that the 
peak output power need not be as high as with PPM, this might be a 
transmitter optical source limitation; and additionally the ability 
exists to use several links in tandem without incurring the penalty 
of increasing noise caused by inherent inaccuracies of an 'analogue*
time modulation, providing each individual link performs with virtual 
certainty of correct pulse recognition and time location.
3.5.2.5 Pulse Frequency Modulation
Here, the pulse repetition rate is proportional to the instant­
aneous signal level, and corresponds with frequency modulation of a 
sinusoidal carrier. One method that may be used for generating PFM 
is to generate a pulse for every zero crossing of the carrier, but 
there are also several ramp generator and threshhold techniques which 
may be used. Demodulation is a simple process, requiring in principle 
only low pass filtering, of the series of identically shaped pulses.
PFM is.capable of sending d.c. information without the need 
for synchronising the receiver to the incoming received signal. Pre- 
and de-emphasis should be used with wide-band signals as with conven­
tional carrier-wave FM. For a narrow-band information signal, the
/r/:\
demodulated signal-to-noise ratio is given by
2
f \ ff
S -  -1 d
Ml _ 8 f
 ^ out c
( J
fc 1
(3.11)
(ttg. ) 2 f 2b 
t m
where f^ = the rms frequency deviation 
and f^ = the mean information frequency
When the transmission is of wide-band information, with pre- and
. . .  (56)
de-emphasis applied, the signal-to-noise ratio is given by
fc 1
.... (3.12)
ff 1s' _ 3 d
N 8 fV Jout c
J
(7Tat)2 b 3
For PFM when demodulated as described, distortion occurs as a 
result of the lower sidebands of the harmonics of the pulse carrier 
encroaching into the pass-band of the demodulation filter. This may 
be controlled by limiting the extent of deviation in relation to the 
separation between the mean PRF and the upper limit of the informa­
tion signal. In the present work, where the information signal has 
a ten per cent bandwidth and a gaussian amplitude distribution, an 
appropriate expression for the distortion due to the overlap of the side­
bands has been calculated ^ ^ a n d  is given by:
Signal-to-Distortion Ratio =
3f 3 
d
(3.13)
Since a narrow band information signal results in sideband components
expression producing a pessimistic result.
3.6 CHOICE OF MODULATION
From the various advantages and disadvantages discussed, PWM, 
PIM, and PCM may be discounted as optimum for this work. This leaves 
PPM and PFM. The performance of each of these is very similar,if 
parameters are optimised to the devices used in the link and to the 
environmental factors affecting its performance. Engineering factors 
remain in determining which is the most suitable for economy of trans­
mitter power. Some experiments with both discrete devices and with 
integrated circuits led to the conclusion that PFM would be the better 
jfor power consumption and linearity.
of obtaining a specified performance from an optical communication link 
with the minimum electrical input power to the transmitter radiation
attenuation, and the nature of the signal, the optimum volume of mean 
pulse repetition rate, pulse width and deviation are determined. The 
optical attenuation from emitter to detector should include a suitable 
margin for adverse weather conditions.
grouped at integral number multiples of -f from f^, careful choice of 
fc can result in a minimum occuring at resulting in the above
A graphical method was devised to determine the optimum pulse 
parameters of a link with the minimisation of optical source input 
power and is shown in the next section.
3.7 CHOOSING OPTIMUM PARAMETERS FOR A PFM LINK
A graphical procedure described here was devised with the object
source. From certain characteristics of the optical source, detectors
The graphical manipulation is an iterative process, in that an 
input electrical power to the emitting source is chosen, and the resulting 
presentation to the user indicates the effect of parameter variation.
An incorrect choice of input power is directly evident, and an esti­
mate of the correction required made. If necessary the process is 
repeated, although the estimate may itself not need further work to 
confirm its suitability.
3.7.1 Initial Preparation
The information concerning the transmitter optical source is 
in the form of plots of peak optical output power as a function of 
pulse width, for a range of PRF's, all for a single value of mean 
electrical input power. Typical constraining factors are peak and mean 
drive current limits, and rise and fall times. The optical output as 
a function of current, and the forward voltage-current characteristic 
should be known. Fig. 3.2 shows an example of a Monsanto ME4 at an 
input power of 0,5 mW. The log-log scales are essential for this graph, 
These characteristics were generated, assuming a rectangular pulse, 
from the expression:
P = I . . V . t . f   (3.14)
pk w c v J
where I = peak diode forward current
V = forward voltage
t = pulse width 
w r
f = mean PRF 
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This particular example does not incorporate the result of a fall-off 
in peak output power at very short pulse widths since this occurs out­
side the range of this plot because of the fast rise and fall times 
that are a feature of this diode.
For the detector diode, the classical model shown in Fig. 2.2 
is used. The pulse jitter - the uncertainty in time location as a 
result of additive noise - is evaluated as a function of peak received 
pulse power, pulse width, background radiation, and parameters of the 
diode. The equation relating jitter to these other parameters is
1
a. =
t £P
e.t -
W (I,. + £P, + - f -  . 2kTrC2)
4 dc b t
w
(3.15)
where-a = rms pulse jitter
P^ = received pulse amplitude 
1 '^ = diode leakage current
r = diode series resistance 
C = diode shunt capacitance
The characteristics plotted are cr .P as a function of t for several
t r w
values of P^, on log-log axes, of the same scale size as the emitter 
diode plot. This is shown for the RCA C30801 photo-diode in Fig. 3.3 
This particular diode has a very low series resistance, which is the 
source of its thermal noise and so is negligible here.
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For PFM, the plot required is of the allowable pulse jitter 
as a function of mean PRF to attain the signal-to-noise ratio required. 
The lower sideband of PFM extends into the information frequency range 
by an amount dependent upon various factors including deviation.
The relationship is
3. f 3 
_S _ f T  d
D / 2 ’ 2
t • b 
m
exp
(f - fm ) 2c m
(3.16)
The signal-to-noise ratio also depends upon the deviation f^, to 
which equations 3.9 and 3.10 apply. To plot the required character­
istic, f^ is obtained as a function of f for a particular signal-to- 
distortion ratio, and these values together with the signal-to-noise 
ratio required used in Equation 3.11 or 3.12 to evaluate a . A plot 
of a as a function of f£ is made, as shown in Fig. 3.4. This plot 
should also use the same scale log-log graph paper used for the trans­
mitter and receiver diode information.
The next information required is the overall loss from the 
emitter to the detector diode. This should include all loss due to 
optical components, the loss due to the transmitter beam angle, range, 
and receiver area, and a loss component to allow a power margin for 
poor visibility. The various losses that were.estimated for the low 
power link are shown in Fig. 3.5 and include the loss that is expected 
due to the range, the value derived from the nomogram shown in Fig. 3.1,
3.7.2 Final Determination of Parameters
In operation the following method has been adopted:-
. l
Choose a value of f on the emitter plot such that t = -=—
C . W fc
i.e. where continuous operation of the emitter is indicated. This
shows an output optical power. The overall loss from the emitter to
the detector diode enables a figure of received power to be calculated
On the modulation plot, Fig. 3.4, the allowable pulse jitter (tf ); at
the selected f^ is indicated, and the product dt«Pr may he calculated.
At the pulse width selected the value cr .P is marked on the detector
_______   . t r
plot, Fig. 3.3, point A, say.
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The receiver graph, Fig. 3.3, is placed over the modulation 
plot, Fig. 3.4, with the orientation as shown in Fig. 3.6.
modulation
receiver
o
Fig. 3.6 Orientation of Receiver and Modulation Plots
The receiver plot is then positioned with the axes, such that
values of 111 11 (pulse width), Fig. 3.3, are coincident with equal 
w
values of l/fc> Fig. 3.4. Maintaining this overlap, move the detector 
plot until the point A is over the modulation curve. Trace this 
curve onto the receiver plot. Now place this latter plot over the 
emitter plot, Fig. 3.2, such that the pulse width lines-overlap.
Move to put the modulation trace over a point where the emitter opera­
tion is continuous, and trace the transmitter characteristic for 
constant PRF. Repeat this for a range of PRF*s.
Again place the detector plot over the modulation plot, overlapping 
pulse width*s on the detector plot onto identical values of pulse jitter 
on the modulation plot. Move the detector plot by a factor of six 
towards the lower pulse jitter values, this corresponding to the relation­
ship between the pulse duration and the maximum allowable jitter before 
it becomes no longer detectable. Move the detector plot parallel to 
the pulse width lines until the traced emitter lines of constant PRF 
coincide with the modulation plot at identical PRF*s. Mark these points 
on the detector plot. Draw a curve through these points. A pair of 
tracings is available in the back cover to perform these operations.
The result of this process as applied to our low power link 
is Fig. 3.7. This shows the background power under which the link 
will be capable of performing with the chosen emitter power input 
at the various mean PRF’s and pulse widths.
It is clear from this figure that the link is capable of per­
forming at higher background radiation levels when using lower PRF 1s. 
However, the Nyquist criterion has to be satisfied, pointing to a 
minimum value of about 100 kHz as being suitable for the input fre­
quency of 30 kHz. Sidebands will occur spaced at multiples of 30 kHz 
from the mean PRF. The rejection characteristics of the detection 
filter are less stringent and distortion reduced, as stated in 
section 3.5.2.5, if 30 kHz lies between two adjacent sideband compo­
nents, i.e. complying with the following relation:-
PRF = (N + '£) 30 kHz 
where N is an integer.
If N is given the value three, then this results in a value for 
the PRF of 105 kHz.
The modulation parameters indicated by the described procedure 
and to which our low powered transmitter link has been built are as 
follows:-
Modulation Type
Mean PRF
Pulse Width
RMS Deviation
(from equation 3.11)
3.8 SUMMARY
One of the most important aspects of an electrically economical 
optical communication system has been discussed in this chapter, 
namely the modulation used. The square law feature of optical detectors 
has also been discussed and how. this affects the choice of the type 
of modulation system, leading to the use of one of the pulse types.
One of the specific and major engineering objectives of this work was 
to attain the most electrically economical transmission system possible, 
and this fact alone narrowed the choice of otherwise acceptable types
PFM
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of pulse modulation. Finally, the ability to produce an economical 
modulator that consumes insignificant power in relation to the optical 
output stage has led to the use of PFM.
After deciding from bcth performance and engineering grounds 
to use PFM, it is essential to use the optimum pulse parameters to 
get the best performance in terms of economy, signal degradation in 
terms of noise and distortion, and indirectly the security of the 
link from an unauthorised listener. A graphical method has been 
devised to indicate the optimum pulse parameters to suit the devices 
used, the range, and the characteristics of the input signal. This 
method has been used to obtain the parameters for our low power link 
and the adopted procedure described.
Ch a p t e r  Fo u r
Lo w -Po w e r e d  T r a n s m i t t e r  A u d i o  B a n d w i d t h  L i n k
4.1 INTRODUCTION
A decision having been made on the optical source, the 
detector the modulation system to be used, the pulse parameters 
required, and the transmitter optical output power, two more impor­
tant steps were required upon which the performance of the link depends. 
One was the design of the transmitter electronics which must, of course, 
be functionally satisfactory, and perform efficiently. The other is 
that careful receiver design is needed where the signal levels are low 
and susceptible to the introduction of any noise which may be signi­
ficant in comparison to other unavoidable noise already present. Other 
non-critical stages to be considered for the link are the whole of the 
mechanical design, including the optics, and the remaining parts of the 
receiver electronics.
Several techniques were investigated with the view to keeping 
to a minimum the transmitter power consumption and these are briefly 
discussed. The performance of the final version of the transmitter 
as a whole is described, the relevant items here are its d.c. power 
input consumption, its linearity, and its optical characteristics. The 
receiver is also described, with emphasis being placed on the critical 
parts of the circuitry.
Some tests were carried out on the transmitter and receiver in 
the laboratory as separate units, and then, albeit at short range, 
as a link. Subsequently it was set up over the designed range of 
1 0 0  m in preparation for a proposed long term continual monitoring 
test.
4.2 TRANSMITTER
Resulting from the development of the most suitable transmitter 
modulator, two transmitters were ultimately built using different 
systems. The basic block diagram to which they both complied is 
shown in Fig. 4.1. Waveforms are included, showing both the modula­
tor output, B, and the current drive to the LED, C, as the result 
of an input to the modulator, A.
LED
current
drive
amplifier
pulse
frequency
modulator
equal areas
A
B€
50 75250
time (ju
Fig. 4.1 Basic Transmitter Block Diagram and Waveforms
One transmitter used two TTL monostable multivibrators in 
anticipation.of a CMOS equivalent which was said to be imminently 
available. The second used various parts of a phase-lock-loop 
CMOS integrated circuit, including a voltage controlled oscillator 
(VCO). Identical LED drive circuitry was used, with identical 
lenses.
4.2.1 Modulator
The function of the modulator is to convert the input signal 
at 30 kHz to logic transitions, timed to occur when optical output 
pulses are required from the transmitter to form an optical PFM sig­
nal. Initially, a voltage controlled astable type multivibrator 
using discrete components was investigated, using a simple variant 
of the conventional astable as reported by Bowes High degrees
of linearity were easily achievable in converting voltage to fre­
quency, but attempts to reduce the power consumption to below several 
tens of milliwatts.always resulted in loss of this linearity. Because 
of this difficulty other methods of voltage-to-frequency conversion 
were investigated.
These other approaches all use an electronic model based on 
the classical carrier wave frequency modulation formula:-
v(t) .= .A. sin (w t + 2irf^./a(t) .dt + <j)}
This may be related to PFM by a pulse being generated each
time the time-integral of the information signal reaches a prescribed 
value, and the integration being simultaneously restarted. In terms 
of engineering, the processing, in principle, may be accomplished 
in two different ways. Both use an integrator, but differ in the manner 
of pulse output and resetting.
As shown in Fig. 4.2(a), the first method has two threshold 
detectors, both of which are fed from an integrator. As each detector 
operates, it inverts the input applied to the integrator, and simul­
taneously generates an output pulse. The second method, shown in 
Fig. 4.2(b), has a single level detector, and each time the prescribed
level is reached by the integrator output, a fixed amount of charge
is removed from the integrator storage element. This may be realised 
by a monostable multivibrator operated by a level detector, its output 
feeding an integrator. The advantage of this second system is that 
the input is continuously feeding the integrator, so no problems can 
be introduced by an interruption, small though it may be, whilst 
changing the polarity of the signal, as might arise in the first system 
or by any inaccuracy in the balance between the inverting and non­
inverting signal paths.
input
o--- generator
Fig. 4.2(a) Double-Level Threshold Modulator with LED Drive
input
o-----
"“V
mono
generator
Fig. 4.2(b) Single-Level Threshold Modulator with LED Drive
There is one possible problem that could occur with this single 
threshold system. If an excessively large input signal is applied, 
then the charge from the monostable becomes insufficient to lower 
the output of the integrator to a lower level than the threshold. 
Should this occur, then the input would continue to be integrated 
until the end of the voltage swing capability of the integrator 
occurs, then preventing further change. However, this incorrect 
operation may be detected by a second level detector, which can 
1 force* the integrator back into the correct output voltage operating 
range. Since the introduction of such.a second detector need not 
incur a penalty of too high an increase in power consumption, it 
is not a disadvantage. The possibile disadvantage of this method 
is that it does require a monostable.
During this initial design phase, the introduction of CMOS 
monostable multivibrators onto the market was imminent. Since they 
were to have very similar output characteristics to their TTL counter­
parts, a transmitter was designed and constructed using TTL mono­
stables in anticipation of the CMOS devices. Not only was the second 
level detector found necessary to overcome the effects of an excessive 
input signal, this same result could occur as a consequence of the 
switch-on transients.
Because of continually increasing delay in the introduction of 
the said CMOS monostable multivibrators, the possible use of the VCO 
on a phase-lock-loop CMOS IC was examined. This IC had recently 
become available, and possessed the normal low power consumption 
properties associated with CMOS devices. The operation of the VCO 
is identical to the double threshold detector type already discussed, 
but has the advantages given by an integrated circuit construction, 
namely, a consistent switch-over time, and a good balance between 
the two modes of integration. The integrated circuit contained 
several other functions, and of these, one of the two phase sensitive 
detectors and,the very low dynamic resistance zener diode were used. 
One undesirable property of the CMOS VCO is that the mean output pulse 
repetition frequency varies with the supply voltage. This would 
occur when the battery power supply aged. Using a suitable but 
simple resistive network, sampling both the battery voltage and the
on chip zener diode voltage a suitable correction can be applied to 
the VCO input, and the variation of mean PRF kept within adequate 
limits. •
4.2.2 LED Drive
The fundamental requirement of the LED drive section of the 
transmitter is to produce a current pulse of defined amplitude and 
duration for the LED at times dictated by the modulator. For a 
constant peak pulse amplitude, a simple transistor switch is used in 
series with the LED. The mean LED current is set by a resistor, 
and the peak value determined by this current and the mean duty 
radio of the modulator output.
One of the transmitters built was selected to be used for 
long term tests. The proposed testing arrangement involved the con­
trol of the output power of the transmitter by an external d.c. input 
voltage. To this end, the transmitter LED drive section was modified, 
to enable the output power to be increased under the control of the 
applied d.c. voltage, and the pulse timing and duration remaining a 
function of the modulator and pulse forming network as before.
4.2.3 Optics
There are three principal factors governing what might be 
considered the optimum beam angle from the transmitters. The beam 
should not be so wide as to reduce the power density of the received 
energy at the receiver plane, or reduce the security of the system 
by illuminating an excessive area. Conversely, too narrow a beam 
would make transmitter aiming difficult. Experience of the use of 
tripod-mounted equipment led to a designed beam angle of ten milli- 
radians.
At a receiver plane, maximum power density occurs when the 
image of the emitting surface is in focus at this plane. Therefore, at 
a range of 1 0 0  m, the transmitter lens, would be;virtually at its 
focal length from the effective emitting surface of the LED.
Knowledge of the effective emitting area of the LED was required,
and one useful way found for making this measurement is to determine 
the beam angles produced by various focal length lenses, each mounted 
at their respective focal lengths from the LED. For the Monsanto 
ME4 the diameter of this area was evaluated from a series of measure­
ments at 0,67 mm. Hence for a ten milliradian full width beam 
angle, a lens of focal length 67 mm was required. Such a lens was 
used in each transmitter, and the desired radiation pattern has 
been achieved.
4.2.4 Transmitters Built
Two transmitters were built. The first used three 741 
operational amplifiers and two TTL monostable multivibrators.
There were several reasons why this was chosen for the long term tests. 
Although low power monostable multivibrators had just become available, 
additional work would be required to substitute these CMOS devices.
To reduce the power consumption still further, low power operational 
amplifiers would also be required. To operate on the long term tests 
with as little attention as possible, the transmitter was not to be 
powered from batteries, which would need frequent replacement but 
from an external d.c. power supply. So in the event, this transmitter 
was not completed as originally intended. The relatively high con­
sumption would not introduce any difficulties, or be unrepresentative 
of the optical performance of the lower powered version of the trans­
mitter.
The second transmitter, using a phase-lock-loop CMOS IC, 
was built as designed, but not used other than for power and per­
formance measurements. Detailed circuit diagrams for both these 
transmitters are included in Appendix I.
4.2.5 Transmitter Performance
The performance of the transmitters may be discussed under 
three headings. Firstly the modulator performance. The important 
feature here is the linearity, relating the frequency output to the 
signal input voltage. Secondly the optical losses incurred as a 
result of the lens not collecting all the radiated power from the LED
must be considered. This loss represents inefficiency, and in the 
context of this work is all important. Finally, the power consumed 
by the transmitters from the supply is discussed.
4.2.5.1 Modulator Linearity
The voltage-to-frequency characteristic of the TTL modulator 
was too linear to estimate a distortion level directly. An evalua­
tion of the distortion was made, however, by computational means.
Using a computer, a straight line was fitted to a number of experi­
mental values of modulator output frequency as a function of its 
input voltage. The signal for which the link was intended was 
assumed to be "speech like", i.e. to have a truncated decaying expo­
nential amplitude probability. Because this signal was to have a 
bandwidth of only ten per cent of the centre frequency, even harmonic 
distortion could not produce components within the information spec­
trum. Hence a straight line could be fitted to minimise odd har­
monics. From this model, it was found that 20 kHz r.m.s. deviation 
with a peak value of 60 kHz results in a harmonic content of -45,5 dB 
with respect to the r.m.s. signal level. This was adequate, since 
the aim was to achieve -45 dB with respect to the peak value. From 
several combinations of r.m.s. and peak values of deviation, it 
became clear that the significant factor was the peak'value. Although 
this transmitter modulator could not be considered satisfactory 
because of the high power it consumed, it does show that the method 
of modulation was capable of producing adequate results.
Since the low power components were never used, the performance 
of that version is unknown, but there is no evidence to suggest that 
a significant difference might have been obtained.
An identical solution to the estimation of modulator non- 
linearity was applied to the phase-lock-loop CMOS modulator, and the 
distortion figures obtained were considerably better. Again with an 
r.m.s. deviation of 20 kHz and a peak of 60 kHz, the harmonic con­
tent was at -53,2 dB with respect to the r.m.s. level. Because the 
result of this computation was so low in relation to the maximum 
level tolerable, no problems were expected from this transmitter.
The frequency/voltage characteristic of both transmitter modulators 
is shown in Figure 4.3. The low expected distortion was confirmed in 
practice using a two-tone test, see section 4.4.1.
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4.2.5.2 Optical Losses
One of the specific parameters of the transmitters was that 
their outside diameters must not exceed 25 mm. A direct consequence 
of this is that not all of the radiated output from the LED can be 
collected by the transmitter lenses. To enable the loss to be calcu­
lated, the polar radiation pattern of the LED must be known. This 
data is included on the manufacturer's published information, but 
as can be seen on Figure 4.4, the samples departed significantly 
from that information.
A . ^ , . . . (59)
An approximate expression for this polar intensity plot is
1(0) = I {cos 
o }p .... (4.1)
where 0 is the angle off axis;
p is a factor related to the spacial shape of the
pattern;
and is the intensity on axis.
If <() is the angle at which the intensity is 0,5 of that on axis, then
the value for 'p' is given by:
p - l0,g ^  ' ... (4 .2 )
log cosI))
For any LED, the parameters <J>, the angle at half intensity, and the 
intensity 
specified.
on axis, Iq , enables the output radiation pattern to be
If an aperture or a lens is mounted on axis in front of the 
LED, then the power transmitted through the aperture, or collected 
and focussed by the lens, is given by the expression:
P = P 1 - 
t T
a
cos 2 (p+2)   (4.3)
where P^ is the total power emitted by the LED;
Pfc is the transmitted power; 
and a is the half angle subtended by the aperture at 
the LED.
2CP
0-9
measured/
pattern
0-8 Monsanto's 
data ^
0-7
0-6
0*5
Fig. MONSANTO ME/> >  Radiation Pattern, normalised.
LED
Aperture
Fig. 4.5 LED Output Restricted by Aperture
The proportion of radiation lost is therefore given by 
(cos(a))^+ .^
The unobstructed lens diameter was 17,8 mm, which subtended 
a full angle of 15,3° at the LED. Using this angle and the half 
power angle measured from the polar radiation pattern, the optical 
loss within the transmitter was calculated to be about 14 dB. Had 
the manufacturer1s data been used,the figure would have been 10,8 dB.
Should it be required to change the beam angle, then the 
lens must be replaced by one of appropriate focal length, 
mounted with the LED at its.focus. If such various lenses (of the 
same diameter) intercept the diode radiation over the uniform inten­
sity region (i.e. they subtend a narrow angle at the LED) then the 
irradiance at the receiver plane is constant, and no change in trans­
mitter output would be required for the same receiver performance.
4.2.5.3 Power Consumption
The TTL monostable transmitter was designed and built to 
demonstrate the feasibility of the circuit configuration in antici­
pation of the availability of the CMOS monostable integrated circuits. 
Although it has no pretentions to be particularly low in its power 
consumption, its requirements are reproduced here for comparison.
Data for the CMOS monostable multivibrators is available, with 
sufficient information to enable a calculation of the power that 
would be consumed by a transmitter to be calculated. The con­
sumption of the CMOS phase-lock-loop IC transmitter was measured, 
and the results of these shown in the table below.
TTL Mono. 
Transmitter
CMOS Mono. 
(Calculated)
CMOS Phase- 
lock-loop
Supply Voltage 
(Nominal)
10 V 5 V 6,25 V
Current
Consumed
23 mA 2 mA 1,8 mA
Power
Consumed
230 mW 10 mW 11,3 mW
The choice of battery type was made to maximise the ratio of 
the electrical power capacity per unit, volume. Amongst primary cells, 
the mercury type is the most suitable.
In terms of power consumption the 'CMOS monostable1 trans­
mitter would be slightly better than the 'CMOS PLL' version - providing 
the calculated power is truly representative. As can be seen from 
the circuit diagram, (Appendix I), the 'PLL' transmitter is 
very much simpler, and in consequence lends itself to a better en­
gineering construction. For identical sized transmitters, a larger 
battery could then be used, and despite the greater power con­
sumption a longer operational duration might be achieved from the 
one larger battery.
4.3 RECEIVER
A receiver should make the most effective use of the available 
transmitter power which it is expected to receive under almost the 
most adverse anticipated weather conditions. There were no input 
power supply restrictions put on the design, but the use of cooling 
for possible noise reduction was considered undesirable because of 
the operational inconvenience it would have entailed. Initially, 
the intention was to design and build one receiver, but later a second 
was built.
The detector diode chosen was a PIN type. This operates in 
conjunction with a low noise amplifier, to convert the optical input 
pulse carrier to a sufficiently large electrical signal amplitude, 
in order that subsequent processing does not degrade the signal- 
to-noise ratio to any significant extent. The pulse signal from the 
amplifier is filtered by a 'matched*-filter and used to trigger a 
monostable multivibrator. The spectrum of the monostable output 
contains the modulation signal, and to recover these alone, a band­
pass filter is required to reduce the unwanted components sufficiently.
A block diagram of the receiver is shown in Fig. 4.6.
The design philosophy of the various stages of the receiver is 
discussed in the following sections.
4.3.1 Photodiode and Head-Amplifier
The design of the front end is crucial for the noise per­
formance of the receiver as a whole. The photodiode used here is 
a type C30801 by R.C.A. The sensitive area is a disc with an area 
of five square millimetres, corresponding to a diameter of 2 , 6  mm.
The head-amplifier was designed to have a bandwidth larger than the 
'matched' filter which follows it, so that the filter alone would 
control the frequency response of this part of the receiver. Some 
noise will inevitably be added by the amplifier, but by careful 
design, this noise can be kept to negligible proportions compared 
to the noise contribution from high background light levels. The 
photodiode has a mainly capacitive output impedance, and the 
resistive impedance of the amplifier should be low so as not .to 
degrade the frequency response. Some improvement in noise perfor­
mance can be obtained under conditions of low background radiation 
by allowing the frequency response of the low noise amplifier to 
fall in a known way, i.e. at 6 dB per octave from some known corner 
frequency, and to correct for this by a rising frequency response in 
a later stage, so resulting in a flat overall response. However, 
since this link is intended for use during levels of background radia­
tion which will be the dominant noise source, no advantage would be 
gained here, and this method was not adopted.
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To meet these low noise criteria, the first active device in 
the amplifier is a junction FET, the whole amplifier has a high and 
inverting voltage gain, and has shunt negative feedback. The 
impedance of the photodiode was measured using a technique due to 
Hodgart and Clark. The impedance as measured was a series
combination of 14 pf, 34 nH, and 5ft. Within the low MHz region the 
effects of the inductive and resistive components are negligible.
The output impedance of the amplifier should be appropriate 
for the following filter, so the output stages consist of a buffer 
amplifier with a defined output resistance. Fifty ohms was a conven­
ient value to use, since not only were component values convenient, but 
fifty ohm cable and suitable setting up and test equipment were 
readily available.
4.3.2 Matched Filter
For a rectangular pulse in white noise, an ideal 'matched* filter
is not realiseable. However, a good approximation can be made with a
Gaussian filter, since with a suitably chosen bandwidth the resulting
pulse signal-to-noise ratio can be as little as 0,5 dB worse than the
theoretical maximum (^4)^. ^ third order design was used to suit the
(62)
pulse signal, from information given by Weaver et al . A  circuit 
is included with the low noise head-amplifier in Appendix H *
4.3.3 Demodulation
The matched filter output triggers a monostable multivibrator 
when the amplitude exceeds a threshold. This threshold is set to be 
just clear of the majority of noise, when this noise is at its highest 
expected level. The monostable output pulse in effect is regenerating 
the now noisy,incoming pulse carrier. The additive noise results 
in a time error, or "jitter", in the monostable output.
Since these pulses have duration and amplitude that are inde­
pendent of their rate, the spectrum contains the original information 
signal together with sidebands of harmonics of the mean pulse rate 
as shown in Fig. 4.7.
Carrier fundamental
Relative
Amplitude
Signal
n i ir—  f- [—
100 1200 20 40 60
Frequency (kHz)
80 140
Fig. 4.7 Frequency Spectrum into Demodulation Filter
The original information signal may therefore be recovered by a filter 
which passes the signal components and rejects the pulse carrier and 
sidebands. For this link the signal is narrow-band, and a band-pass 
filter is used.
The information recovery filter is followed by an amplifier 
primarily to provide an output impedance of fifty ohms.
A blocking oscillator has been used here, and has the feature 
of very rapid transitions. Although the signal performance is quite 
satisfactory, the use of this type of pulse generator for this appli­
cation where security is one of the aims, is not an optimum choice.
There can arise the problem of electrical radiation directly from the 
oscillator, and this could be intercepted by an 'unauthorised' receiver. 
The results obtained on the performance of the link are not invalidated 
by this shortcoming, but a generator with a slower rise- and fall-time 
would perhaps be more suitable, with adequate electrical screening.;
The band-pass information recovery filter used was a stagger- 
tuned series of twin-T active band-pass stages. Again, the electrical 
performance was satisfactory, but alignment might have been easier if 
a passive filter with wide-band buffer amplifiers had been used. Although 
not important here, this would make easier the task of adapting the 
receiver design for use with other information signal frequencies.
4.3.4 Optics and Mechanics
In common with the transmitter, one consideration for the optimum 
choice of acceptance angle is the ease with which the receiver can be 
aimed. Background radiation intercepted by the receiver is proportional 
to its field of view, so this should be made as small as possible. 
Initially, ten millradians was chosen as the minimum thought to be 
sufficiently easily manageable. The diode, on RCA type C30801, has 
a diameter of 2 , 6  mm, so a ten milliradian angle is given by a 260 mm 
focal length mirror, and the mirror used has a dimater of 150 mm.
The filter is a "Schott Glass", type RG830, 3 mm thick and diameter 
of 150 mm. This is a long wavelength pass filter with a sharp cut­
off. Its characteristic combined with that of the detector diode 
gives an overall band-pass response with a maximum transmission at 
about 0,9 ym and a bandwidth of 0,21 ym. The filter loss at the LED 
emission wavelength is 0,8 dB, and at 0,6328 ym, (red HeNe laser) 
has a loss of 59 ±4 dB.
The photodiode and its low noise amplifier are mounted on the 
optical axis of the focusing mirror. Focusing is achieved by axial 
positioning of the diode and amplifier assembly. The interruption 
of the beam by the amplifier and the mounting struts amounts to only 
about 0,2 dB. Other arrangements including the use of a small 
mirror were discounted since.they would have incurred more loss than the 
present configuration.
4.3.5 Receiver Performance
There are two principal aspects governing the sensitivity 
of the receiver, both of which aim to ensure the highest carrier 
pulse signal-to-noise ratio. Firstly, the use of the most suitable 
devices are necessary at the low pulse level stages, .and a noise 
model for the detector diode and amplifier is presented in this section. 
Secondly, the use of the best available optical filter can have a 
marked bearing on the noise performance of the receiver, and a 
simple figure of merit is derived which can be used to indicate the 
most suitable.
As regards the demodulator there are various methods which can be 
used to locate each pulse in time with varying degrees of certainty 
and accuracy, so influencing the resulting signal-to-noise ratio of 
the final output. A method other than that adopted is discussed 
which can result in some improvement.
4.3.5.1 Receiver Noise Model
Two noise mechanisms predominate in the photodiodes. One 
is the shot noise due to background radiation. This is of course 
a very variable quantity, but clearly the most stringent conditions 
occur at the highest radiation levels. The other noise results 
almost entirely from leakage currents.
In common with the'usual practice of low noise amplifiers, the 
first stage has been designed for the source impedance presented by 
the detector diode. The basic configuration is shown in Fig. 4.8.
input
feedback
Fig. 4.8 First Stage of Low Noise Amplifier
A grounded source junction FET is used, with a low resistance 
drain load. This load is the source of a grounded gate FET, and 
being a low impedance keeps dowr. the input capacitance of the ampli­
fier. The shunt capacity at the input of the amplifier, made up of 
that due to the amplifier itself, the diode, and the interconnections, 
governs the highest usable amplifier input resistance, see Section 
4.3.1. This capacity is also important with respect to noise, since 
it has a direct bearing on one of the noise producing mechanisms of 
the FET.
There are two ways of obtaining a low input impedance to the 
amplifier. One is to shunt the input with a low value component.
In some applications this is a satisfactory method of achieving a de­
fined low input resistance to an amplifier, but here, where the signal 
level is low, the noise produced by such a resistor would be excessive. 
A much less noisy alternative is to use a method that does not involve 
a low value resistor and this is achieved by using voltage derived 
shunt applied feedback, via a high resistance connected between the 
output and input of an inverting amplifier with a moderately high 
voltage gain. The noise that this relatively high value resistor 
produces is equivalent to that of a resistor of the same value shunting 
the input, and for the noise model it is included at that point. The 
noise model is shown in Fig. 4.9. The noise currents and voltages 
squared, their theoretical values, and their sources are shown in the 
table below.
Current Value Source
2 e5PbB
Background radiation
CM•H 2eI,B
d
Diode leakage current
4kTB .
Rf
Feedback resistor
i 2 
g
2el B
g
FET gate leakage current
i 2
C
1 4 tt3 3 
C 2kt.— .—  B 
F 8m 3
Reflected channel
e 2 . 
n
2  4 k T  n
= 3 X ' B
Channel thermal
i 2 
e ®;4 “ .,2 (Cd+Cf)2 ,BS Shunt noise current, equiva­
lent to channel thermal.
The overall bandwidth of the early stages of the receiver 
extends from near d.c. to a some value set by the matched filter.
The "B" bandwidth in the table is the noise equivalent bandwidth 
of these stages, set by this filter, and with the "Gaussian" filter 
is more than twice the signal bandwidth. The noise currents shown 
in the table are of two forms, those which are not a function of 
frequency, and those with densities rising as the square of frequency.
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The varying level of background radiation alters the flat noise com­
ponent only, and so alters the bandwidth at which the "rising" noise 
dominates. Evaluating these for both daylight and night-time levels, 
the noise bandwidths at which the rising noise becomes dominant are 
12 MHz and 5MHz respectively. For this link, about 300 ns has already 
been decided for the pulse width, this corresponds to a -3 dB bandwidth 
of 1,2 MHz, and a noise bandwidth of about 2,5 MHz with a Gaussian 
filter, and this is clear of the rising noise power density region.
For this noise bandwidth the rms noise voltage at the output 
of the matched filter was calculated for both negligible and an assumed 
high value of background radiation, and these voltages are shown 
together with those measured on the actual receiver in the table below.
Background
Dark 5 yW
Measured 30 yV 75 yV
Calculated 49 yV 130 yV
The power for the 5 yW background radiation measurement was simulated 
by using a d.c. powered tungsten filament lamp.
The discrepancies were not considered to be outside the tol­
erances expected. In the case of zero background radiation, they 
could be accounted for by inaccuracies between the data for the FET 
and photodiode, and the individual devices used. When background 
radiation is included, about 90% of the noise power is directly a 
result of this radiation, but the proportional errors between calcu­
lated and measured remain approximately unchanged. Some more basic 
reason or reasons must exist, but the matter was not further investi­
gated at the time of the preliminary measurements, since the degree of 
the error was not excessive.
4.3.5.2 Optical Filter
As already discussed in Section 4.3.4 the optical bandwidth of 
the receiver was somewhat greater than necessary. An improvement in 
the signal-to-noise ratio at the detector output does occur using this
present filter, but if it had been matched to the LED radiation, instead 
of its low-pass characteristic, then a further reduction in received 
ambient radiation would have been obtained. For an optical filter 
whose bandwidth is greater than the optical spectrum of the input 
signal,
I a T 
s
where I is the signal current from the detector,
and T is the filter transmittance at the LED wavelength.
Als0’ Jy* a /B?f
where i 2 is the r.m.s. noise current resulting from the 
n
and B is the receivers effective optical bandwidth.
Therefore, the signal-to-noise ratio
I
s
— — —  a
A  2n
. T .
and the ratio —  is thus a useful figure of merit for a filter.
B
Other practical considerations are the physical size required, 
availability, cost, and durability. These considerations led to the 
use here of the "Schott Glass" type, rather than, say, an interference 
type.
4.4 INITIAL MEASUREMENTS
Several preliminary tests were carried out on the transmitter 
and receiver before the link was set up over the designed working 
range for a prolonged working test.
4.4.1 Laboratory Tests
Manufacturer’s data gives the relationships between LED 
optical output power as a function of drive current, and of photo­
detector current as a function of an optical input to the detector 
diode. Whilst it is not easy to evaluate these characteristics 
independently, it is a simple process to measure the overall
characteristic, in terms, of detector current output as a function of 
LED drive current. This measurement should be made with no inter­
vening optical components. The overall characteristic does have a 
dependence on the polar radiation pattern of the LED and on the sensi­
tive area of the detector, and these can be measured separately in 
order to calculate the ratio of LED output power to that incident on 
the photo-diode.
Measurements show that the photo-diode-to-LED current ratio 
was lower by 8 , 6  dB than the manufacturer’s data indicated, even after 
making allowance for the measured polar radiation pattern (Section
4.2.5.2 ), the separation between the two devices, and the photo-diode
. . (59)
sensitive area. Other work suggests that manufacturers are ex­
tremely optimistic regarding claimed output power from their devices, 
and the source of the present discrepancy is attributed to this cause 
rather than to the photo-diode responsivity. The LED output-to-drive 
current ratio enables the transmitter output to be evaluated.
To characterise the noisaperformance of the link, several 
measurements were made prior to setting up outdoors. They were carried 
out with several values of simulated input background radiation, and 
over a range of input pulse amplitudes. The receiver has, as a pulse 
detector, a simple threshold level detector, so set that noise due to 
the worst anticipated level of background radiation would not exceed 
the threshold, so with no input carrier, the receiver output was "quiet1
The behaviour of the receiver with different inputs is shown 
in Fig. 4.10. As the input carrier increases, the noise level at the 
output increases to a maximum. Further increase in pulse amplitude 
causes a reduction in the output noise level as the accuracy of time 
detection improves. This fall off of noise with increase in input 
signal amplitude is very rapid, and demonstrates how this type of 
pulse detector system exhibits the classical frequency modulation 
threshold effect. The reduction in noise level settles to a value 
dependent upon the level of background radiation. Figure 4.10 shows 
the behaviour for three different levels of background. Clearly 
evident is the constant output signal.level once the threshold has 
been reached. The modulating signal used here was a 30 kHz sine wave 
with an amplitude sufficient to give a peak carrier deviation of 40 kHz
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In the absence of an optical pulse carrier the output spectrum,
consisting of noise only, is shown in Fig. 4.11. The variation over
the band is a result of the stagger-tuned nature of the output filter. 
With a pulse carrier input to the receiver, the noise spectrum is as 
shown in Fig. 4.12. The residual ripple in the output level is again 
due to the ripple in the filter amplitude frequency response.
Application of 30 kHz modulation to the carrier results in a 
complex spectrum at the monostable output, and this is shown in 
Fig. 4.13. The output band-pass filter removes all the unwanted 
components and leaves only that at 30 kHz, which is the information 
to be recovered. The spectrum of the monostable output is shown in 
Fig. 4.14 with 28,5 kHz and 31,5 kHz, which are the information band 
limits. Again, the unwanted components are removed by the output 
filter.
A standard two tone intermodulation distortion test was carried 
out, using 29 kHz and 30 kHz. Non-linear distortion would produce an 
additional output 31 kHz, since 31 kHz = 2 x 30 kHz - 29 kHz. As can
be seen from Fig. 4.15 no significant component at 31 kHz was produced.
The two equal amplitude sine-waves were adjusted to deviate the carrier 
fully, i.e. 40 kHz peak. The difference in their levels in Fig. 4.14 
is again due only to the non-flat response of the filter.
4.4.2 Full Range Preliminary Tests
The link was set up at a range of 100 m, with the transmitter 
in a north-westerly direction from the receiver. This eliminated the 
possibility of the sun being focused onto the detector; the 100 W 
of power would instantly destroy the detector. Although attempts at 
focusing the transmitter and receiver had been made in the laboratory, 
some improvement was obtained by further adjustment outside.
From the known losses of the various components and stages of 
the link, the mean powers at these points are shown in Fig. 4.16.
These values were calculated using the measured polar output pattern 
of the LED in preference to the manufacturer's supplied data. The 
measured pulse amplitude at the receiver was 1,3 dB lower than the 
calculated value, and this difference was considered to be well within
26 28 30 32 34 kHz
Fig. 4.11 Receiver Output Noise Spectrum, No Input
B = 30 Hz
26 28 30 32 34 kHz
Fig. 4.12 Receiver Output Spectrum, Carrier Input
B = 100 Hz
10 20 30 40 50 kHz
Fig. 4.13 Monostable Output: 30 kHz Modulation
B = 100 Hz
10 20 30 40 50 kHz
Fig. 4.14 Monostable Output: 28,5 kHz and 31,5 kHz
Modulation
B = 10 Hz
Fig. 4.15 Two Tone Intermodulation Test

the tolerances that may be expected due to the equality and alignment 
of the transmitter optics.
Whilst 10 mrad was originally considered a suitable minimum 
acceptance angle for the receiver, experiments were carried out with an 
angle reduced to 3 mrad. The high mass of the receiver together with 
the rigid tripod on which it is mounted still enabled setting up to 
be carried out, although a little more care is needed. A circular 
aperture mounted immediately in front of the diode detector achieves 
this reduction.
4.5 MONITORING SYSTEM
Data logging equipment has been built which enables various 
parameters of the link to be recorded onto punched paper tape for 
later analysis. The data is recorded at ten minute intervals.
The following are logged, the transmitter optical output, the peak 
received pulse amplitude at the receiver’s matched filter output, 
the noise present at this point, and the receiver demodulated output 
signal level. A detector has been added inside the transmitter to 
monitor the relative optical output.
As can be seen from Fig. 4.10, a small change in input signal 
level can result in a considerable change in output signal-to-noise 
ratio. During these long term tests more information could be gained 
by controlling the transmitter output to maintain the demodulated sig­
nal-to-noise ratio, rather than fixing the transmitter output at some 
predetermined value. If the input pulse level is sufficient to exceed 
the threshold, then the demodulated output level remains constant.
The noise level at the receiver output will therefore be adequate as 
an indicator of the effective signal-to-noise ratio of the link. A 
power detector was used at the receiver output in a closed loop con­
trol system to set the transmitter output power to just maintain this 
noise level. For this purpose a simple modification to the LED drive 
stage was made to allow control of the output power. In this manner, 
the link performs, with the transmitter power required to maintain the 
overall signal-to-noise ratio, and the control voltage is also included 
by the monitoring system.
A. 6 SUMMARY
An audio bandwidth optical communication link with a low power 
consumption transmitter has been designed and built, using the modul­
ation parameters evaluated for minimum transmitter power described in 
Chapter Two. A second link has been built using low power engineering 
techniques but as a temporary measure is using high consumption 
devices. Initial tests on our low power link carried out in the lab­
oratory show that the performance complies with the requirements of the 
outside contractor who laid down his own specification. The PFM 
modulator of the transmitter is adequately linear and its power supply 
needs are negligible compared to those of the LED drive stage. The 
overall power consumption is about 1 0  mW.
The link as a whole was characterised in the laboratory before 
setting it up for prolonged operational tests at the designed range 
of 100 m. The classical f.m. threshold effect is evident from these 
tests, and the maximum signal-to-noise ratio, limited only by post 
detector electronics, is 80 dB. Monitoring equipment has been built 
to enable control and measurements of the link's performance to be 
made, and the results of these tests are described in a later 
chapter.

Ch a p t e r  F i v e
V i d e o  B a n d w i d t h  La s e r  D i o d e O p t i c a l  L i n k
5.1 INTRODUCTION
Experience gained from the low power audio communication 
link indicated that workable wider bandwidth links are a practical 
possibility. The purpose of this chapter is to describe work carried 
out to demonstrate that they can be capable of conveying broader 
bandwidth and in particular video information signals through the 
atmosphere, and in so doing to meet performance criteria laid down 
by the broadcasting authorities. In addition, they should do this 
with a sufficient degree of reliability over greater ranges than the 
1 0 0  m of the audio link.
Just as the low power audio link has applications where rapid 
installations, possibly of a temporary nature, are desirable and also 
rapid striking after use, these same conveniences of operation apply 
to a television link. Although-the latter does have some disadvantages 
in terms of the propagation through the atmosphere when compared to 
an equivalent microwave link it can be much simpler and its initial 
cost very much less for distances, where the optical system is a 
real possibility.
This work is not intended to lead to a demonstration of a 
fully engineered optical communication system, but it should show 
that such a system is at least practicable. A considerable amount of 
work was therefore carried out particularly on methods of achieving 
the necessary encoded optical output from a transmitter, and also 
to receive and decode the optical signal to reproduce the video signal 
in a receiver. The high peak powers and fast response times not 
obtainable from LED's can be radiated from laser diodes, and this 
device type was chosen for the radiation source. At the time the work 
was carried out, the only available laser diodes for use at normal 
ambient temperatures had to be pulse operated, with a maximum duty 
cycle, dependent upon the type, in the region of 10%. Cooling, with 
for instance liquid nitrogen, was considered to be too inconvenient.
So, with the laser diode, a pulse modulation system must he used, 
and PFM is chosen.
The requirements for the laser drive-current are stringent, 
they include high peak pulse currents, with short rise and fall 
times, and high repetition rates. This led to the investigation 
of two alternative types of current pulse generator using respectively
(i) Step recovery diodes;
(ii) Avalanche transistors.
The use of an avalanche transistor pulse generator fed from 
a suitable modulator was finally chosen. Lately, newly developed 
'VMOS1 field effect transistors have become available which might 
enable a simpler type of current pulse generator to be realised.
5.2 VIDEO LINK DESIGN
Experienced gained from the audio link indicated that a 
suitable transmitted beam angle might be about 2,5 mrad, which would 
be sufficiently wide to enable the transmitter to be easily pointed 
at the receiver but without wasting energy. The interest here was not 
the security which follows from having a narrow beam as was the case 
for the audio bandwidth link, but to keep optical losses to a minimum. 
For the receiver, a 15 cm diameter mirror was chosen that was known to 
be of good optical quality.
Assuming a range of 1.4 km (for which a site is available) 
the clear weather optical loss of about 27 dB is obtained from Fig. 3.1. 
To obtain a reliability of not less than 90% a power margin of perhaps 
20 dB would be required for the whole range as indicated by the extra­
polated results shown in Section 6.3.2.
A block diagram of the link is shown in Fig. 5.1, and Fig. 5.2 
is a signal level diagram with calculated optical levels and resulting 
electrical signal levels at the input stages of the receiver. The 
model assumes an output from the laser diode of 100 mW, only one half 
of which is collected to form the transmitted beam. The responsivity
m
od
ul
at
or
 
 
 
m
on
o
Q)
c U—
Q) "a_t_
L_ E
3 aL)
Q.
E
o
a
•H
►j
&
4-1
T3•H
£13
Ccd
PQ
Ocu
tj
•H
>
M-4
O
§
u
60
cd
•H
o
&a
or-1
PQ
m
60•H
P4
la
se
r
JZl/l
to
cn
a)
5
cd
C
toO•Hm
toO
C
•H
15O
Xin
a)
T3o
a
o
•H■P
cd
oLD
o
o
toO
cd
•H
Q
CN
m
toO•iH
Pm
of the photodiode is assumed, from manufacturer’s data , to 
be 0,2 A.W-1, and the current gain equal to 50. In practice this 
gain will be adjusted to maximise the pulse signal to, noise ratio.
The amplifier used has a nominal input impedance of 75 ohms,, and 
this has been assumed here, even though a modification has been 
carried out to the amplifier input circuitry, which is described 
later.
5.2.1 Modulation
Several factors have been considered in making the choice 
of modulation system for use here. The primary purpose of the link 
is to show that wide-band information transmission is feasible. For 
this reason, the use of any modulation system that in other circum­
stances might be considered a poor choice, or could quickly be dis­
counted, might well be suitable.
As already mentioned, the high peak powers necessary from the 
transmitter requires the use of a laser diode. At the present time, 
commercially available laser diodes operated at room temperature have 
strict limits put on their maximum duty cycle, about 1 0 % is typical 
for some types, and for others it is very much less than this. An 
active cooling system is considered too inconvenient to use here, either 
in the form of an electrically powered refrigeration unit or immersion 
of a heat sink in a bath of liquid nitrogen of solid carbon dioxide 
coolant. The use of a fan blowing air onto a heat sink on which the 
diode is mounted is considered acceptable but vibration that might 
interfere with aiming the transmitter at the receiver of the optical 
alignment of the laser with the transmitter lens must be kept suffi­
ciently small. Therefore, as the diode is to be operated at room 
temperature, albeit with forced air cooling, the limited duty cycle 
operation must be adhered to; i.e. a pulse modulation system must be 
used.
The sampling rate in a pulse modulation system, often equal 
to the mean pulse rate, must in general be greater than twice the 
signal bandwidth, which for the British television system is 11 MHz.
A convenient sampling rate is three times the colour subcarrier
frequency (3 x fcsc )• This rate is used quite satisfactorily by 
the broadcasting authorities with their PCM cable systems and the 
sampling signal may easily be generated using the colour subcarrier 
as a reference. The simplest suitable modulation to use here in 
terms of engineering is pulse frequency modulation since voltage 
controlled oscillators are available in suitable logic and cover 
a wide enough frequency range with sufficient linearity. The use 
of an existing video-to-PCM converter was considered but the designing 
and building of a PCM-to-PFM conversion unit was not considered justi­
fied when video to PFM can be achieved so simply and directly.
When using PFM with a mean pulse repetition rate of about 13,3 
MHz (3 x fcsc) the peak-to-peak deviation that can be used is only 
about 2 MHz. This limit to the deviation will prevent overlap of the 
lowest sideband with the video component, which exist simultaneously 
after regeneration of the incoming pulse signal by a monostable circuit. 
Demodulation may then be accomplished by a video low-pass filter, which 
selects only the video component.
5.2.2 Laser and Detector
A pulse rate of greater than 13 MHz is required, which corre­
sponds to a mean period of about 75 ns.. The laser diode has a mean 
input power limit and this puts an upper limit to the pulse width 
for a given PRF and drive current. A duty cycle of about 8 % is 
suitable, equivalent to a pulse width of 6 ns. Using narrow pulses 
necessitates wide bandwidth pulse circuits, and care is needed 
particularly in the receiver post detector electronics where both 
wide bandwidth and low noise are required simultaneously.
The laser double heterostructure diode has a threshold of 
about 600 mA, dependent upon temperature, and is quite suitable 
to use here. The device used is the LBA 185A manufactured by ITT, 
which is rated to give an optical output of 100 mW from a drive current 
of 1,5 A.
* f = 4,433 618 75 MHz ± 1  Hz.
C S C
The bandwidth of the required receiver pulse circuits is 
greater than 100 MHz, and the use of an avalanche photodiode 
followed by a wideband amplifier is the optimum arrangement, as 
discussed in chapter three.
The area of the optically sensitive region of the detector 
diode is a factor in controlling the acceptance angle of the receiver 
as a whole, and experience of the audio link suggests an angle of 
about 2,5 mrad would be optimum.
A range of avalanche photodiodes is manufactured by EMI 
Electronics Limited, and these have a circularly shaped optically 
sensitive area, with a diameter of 0,5 mm. A diode from this group 
in conjunction with amirror of focal length of 250 mm results in a 
receiver acceptance angle of 2 mrad, and this was the proposed combi­
nation. Some experimental samples of these diodes were available, 
having been investigated by Clark , the diodes being in EMI's . 
S30500 series. Suitable biasing could be arranged to maximise the 
pulse signal-to-noise ratio at the output of the wideband amplifier 
following the detector diode. Gain-bandwidth products of these 
diodes is adequate, Clark and Davis have measured values in
excess of 80 GHz.
5.3 CURRENT PULSE GENERATION
Several pulse generator circuits have been published in the 
literature for driving laser diodes, but these are usually designed 
for fibre-optic communication systems. The fundamental differences 
between these and the atmospheric system under consideration here are 
the amplitude of the pulse drive currents required and t the mean pulse 
rates. PCM is suitable when numbers of repeaters are involved in a 
system. This applies to optical fibre systems, which would replace 
existing Post Office links already using PCM. However, the pulse 
rates required for PCM are very much higher than for PPM or PFM, 
requiring several pulses per sample of the signal compared with 
only one or very nearly one for the latter two.
A property of laser diodes is the existence of a time.delay 
between the onset of the current pulse and the light output. This 
delay can be reduced or eliminated by adding a standing bias approxi­
mately equal to the threshold current. To avoid the maximum power 
dissipation limit of the laser, the allowable pulse amplitude is 
smaller in such cases. Such systems have used a FET for the
current pulse generator, and bipolar transistors . Chown
(44)
et.al. achieved modulation rates at up to 1 Gbit/s, but with a 
bias current of 130 mA and with an added pulse current of amplitude 
only about 20 mA.
Other published work discussed the use of avalanche transistors 
and thyristors for producing low pulse repetition rates
suitable for audio bandwidth links. Step recovery diodes have been
/£Q\ .
reported for laser diode pulse generators , with durations of 1 ns
for 125 Mbit/s NRZ pulse code modulation.
Pulse generators are also discussed in the literature in their 
own right for the generation of pulses with rise times measured in 
hundreds of picoseconds, and with durations from sub-nanosecond 
upwards. A full description of the operation of the avalanche tran­
sistor as a pulse generator is given in two papers (70) > fr0m
which design information may be extracted. High repetition rates are 
generally not obtainable, particularly when high currents are required. 
Several papers discuss step recovery diodes, for example * ( ^ ) , (73)^  
The problem with step recovery diodes lies in obtaining sufficient 
peak pulse power from the generator. Peak pulse powers of between 
2 W and 4 W are needed for drive currents of between 1 and 1,5 A, a 
consequence of the low dynamic resistance of the laser diode.
The following sections briefly discuss some of the difficulties 
encountered in the design of the generators, and how the design was 
influenced by these difficulties.
5.3.1 Step Recovery Diode Generator
Several types of step recovery diode generator were examined 
in the search for a generator that could provide the required pulse 
current at a rate demanded by the modulator. Many failed to deliver 
sufficient power, and some had problems associated with pulse timing.
The most promising circuit configuration used two pairs of 
step recovery diodes. By using pairs, the charge built up in one 
conducting diode can be transfered to the second and back again, 
thus obviating the need for a fairly -lengthy replenishing time. Fig.
5.3 shows the basic configuration. "
input
D3
Load
D2
Fig. 5.3 Schematic of Step Recovery Diode Generator
. . . .  . . (73)
The operation of this circuit is described m  Reference
Charge sharing occurs between D1 and D2, and between D3 and D4, Fig.
5.3. A negative going input pulse causes a current to flow through
D1 and D2, and when D1 has no charge remaining, it ceases conduction.
The input then causes a current to circulate in D3 and D4, and in the
load. When D4 is discharged, it turns off, so ending the output
pulse. Thus, a negative going input results in a short output pulse,
with leading edge shape formed by Dl, and duration and trailing edge
shape formed by D4.
Since the devices available, including the step recovery 
diodes, could delivery only a little over 200 mA a suitable pulse 
transformer was made to transform this up to about 1 A. This 
coaxial line transformer is described in Appendix III.
Two problems became evident, only one of which was capable 
of solution. The first was the amount of heat generated by a standing 
current of 200 mA (this generator functions by diverting the current 
through the step recovery diodes), this heat is developed in switching 
transistors and in resistors. Care with the design for current 
sharing in these transistors (there were several in parallel) and with 
component ratings and their physical spacing seemed able to overcome 
the consequences of thermal dissipation, namely the poor reliability 
of these transistors when run at too high a temperature.
The second problem was that the pulse rise and fall times were 
not entirely independent of the input pulse repetition frequency. Since 
this feature would introduce distortion by incorrect timing of pulse 
edges, and since there was no immediate prospect of its solution, the 
decision was made to forgo further work in favour of a generator based 
on the avalanche properties of transistors.
5.3.2 Avalanche Transistor Generator
Many small signal silicon transistors are capable of generating 
short pulses by using their avalanche breakdown properties. The 
amplitude of the pulse current required, in excess of 1 A, cannot be 
generated by these transistors, but there are some which are manu­
factured specifically for use in their avalanche mode, and which are 
capable of producing several amperes with no risk of permanent damage.
One of these avalanche transistors was used to generate a pulse 
of duration 6 ns and amplitude 1,5 A. The pulse length is governed by 
an artificial balanced delay line, which is discharged through the 
laser diode upon receipt of a trigger pulse.
113.
These transistors could not be made to operate at a repetition 
rate of greater than about 1,5 MHz. Thus, ten separate generators 
are required, each with its own delay line, and triggered in the 
correct sequence from the modulator. The current pulses are added 
and applied to the laser diode. In order to minimise heating and 
inefficiency, each line is recharged using a resonant network, thus 
reducing the demand on the high voltage power supply.
One difficulty that arises with this arrangement is that two 
individual adjustments are needed for each of the ten generators.
Because of the slightly different characteristics of each transistor, 
the supply voltage has to be set individually, otherwise unequal 
amplitudes occur. Also, a variable delay is necessary in the trigger 
feed to each of the ten stages to take account of their slightly 
different delays. Incorrect adjustment of these delays, even of only 
1 or 2 ns can result in a cyclic ’ripple1 on the receiver demodulated 
output. Fig. 5.4a shows the ripple produced with no correction added, 
and Fig. 5.4b after correction. The amplitude of the ripple, about
0.4 V p-p, is only 8 dB down on the level of composite video, so 
correction is clearly vital.
A circuit diagram of the generator is shown in Fig. 5.5.
5.3.3 "VMOS11 FET Generator
A new series of field effect transistors known as "VMOS"
FET*s have recently appeared which seem to be capable of switching 
currents of up to about two amperes in a low number of nanoseconds.
The rise and fall times must be short compared with the pulse duration 
required, which is about 6 ns.
(74)
A.H. Lock has discussed measurements of generated pulses using
these devices, for a different application but for similar requirements,
1.e. the generation of 1 A pulses with nanosecond pulse durations. He 
measured turn-on times of 3 ns and turn-off times of about 2,5 ns, using 
a 2 ns rise-time oscilloscope. These measured figures would be obtained 
from pulse rise and fall times of about 2,2 and 1,5 ns respectively, and 
clearly these figures indicate that the use of these FET's could be
Fig. 5.4(a) Output Without Delay Correction
Fig. 5.4(b) Output with Delay Correction Applied
190 V
mixing network
--[
— [
input
trigger
variable
delay avalanche
transistor aser
Fig. 5.5 Avalanche Transistor Pulse Generator
feasible. An FET would require.to be driven from a separate pulse 
generator, but would require very little pulse power from it. A step 
recovery diode generator would .be suitable for this purpose.
5.4 TRANSMITTER VIDEO SIGNAL PROCESSING
The electronics of the transmitter are designed to accept 
standard level video signals, and these frequency modulate the 
pulse carrier. However, the mean or peak frequency of the pulse 
carrier must be controlled in some way, and two systems were con­
sidered for doing this. One was to control the mean frequency of
the modulator output, and maintain this at 3 x f : the other was
esc*
to clamp the back porch of the waveform so that this level results 
in 3 x fcsc being produced by the modulator. The simplicity of a.c. 
coupling led to the first system being adopted, but it is not 
necessarily better from an overall signal handling point of view.
No internal provision has been made for adjusting the depth 
of modulation of the carrier. This may be carried out externally by 
varying the amplitude of the incoming video signal.
5.4.1 Modulator
The standard level video signal is one volt peak-to-peak 
excluding any chrominance information, with positive going video, 
from a source resistance of and loaded by 75 ohms. There was no
reason to deviate from these parameters, but for simplicity of
electronic design, the input level to the transmitter is varied 
externally to alter the modulation depth. (This is not inconvenient 
when using the transmitter in the laboratory environment.) The 
video signal is a.c. coupled to a voltage controlled oscillator 
(V.C.O.) which has a linear characteristic over a sufficient range, 
and which free-runs at about 13,3 MHz. Maintaining the mean PRF 
at 3 x fcgc is achieved by a.c. coupling the video signal to the V.C.O.
and also feeding a "d.c." correction voltage to it from a frequency
sensitive detector via a low pass filter. Although near d.c. informa­
tion can exist on a video signal, the nature of the signal with its 
back porch does allow the d.c. component to be reinserted at a later
point in the signal chain. Keeping the mean PRF constant results in 
the thermal dissipation from the laser diode to be constant* which 
is an important consideration here since it is to be operated at or 
near its maximum specified input power level of about 1 / 3  W".
A simplified block diagram of the modulator is shown in Fig. 
5.6, and a detailed diagram in Appendix IV. The output frequency 
from the V.C.O., a Schottky TTL device, is divided by three. The 
frequency obtained is compared in a frequency comparator with a ’ 
crystal oscillator running at the colour subcarrier frequency, and 
a suitable filtered correction signal from the comparator is 
applied to the V.C.O. The peak-to-peak deviation of a 2 MHz is 
achieved when the input video is reduced by 2 or 3 dB from zero 
level, and this is carried out by a variable attenuatorin the video 
feed to the transmitter. The V.C.O. output is also fed to the 
sequential switching logic for the laser current drive generator.
video
input
to sequential 
switching logic
777777/;
VCO
freq.
comp.
crystal
osc.
Fig. 5.6 Modulator Schematic
5.4.2 Sequential Switching for Pulse Generator
The ten current pulse generators, used to supply the laser 
diode, are triggered sequentially, each at a mean rate of about
1,3 MHz, this being the highest reliable frequency of which they are 
capable.
The Schottky TTL logic used consists of a divide-by-ten 
Johnson counter which operates on the trailing edges of the input 
pulses from the modulator. Ten outputs from the counter are obtained 
by suitable decoding, and these outputs open one gate at a time, 
allowing the following modulator pulse through to the next required 
pulse generator. Logic is included to force the counter into the 
correct sequence at switch-on, which may not otherwise necessarily 
occur. A simplified block schematic is shown in Fig. 5.7, and a 
| detailed diagram is shown in Appendix IV. :
input
outputs
cn
cn
Fig. 5.7 Schematic of Sequential Switching
5.5 RECEIVER
The optical input pulses to the receiver have amplitudes 
calculated to be in the microwatt region, as is shown in Fig. 5.2. 
The function of the receiver is to process these optical pulses 
suitably, to demodulate, them, and to provide a video output.
The optical detector is an avalanche photodiode, and its 
output is amplified using a modified commercial wideband amplifier. 
A threshold detector and monostable pulse generator follow and the 
output feeds a video bandwidth low-pass filter. Fig. 5.8 shows a 
block schematic of the receiver, and detailed circuit diagrams 
are the subject of Appendix IV. The principles are similar to the 
narrow band link.
detector (APD) Gaussian LP monostable video LP
*
wideband 
low noise 
amplifier
threshold
level
pulse
amplifier
output
amplifer
Fig. 5.8 Block Schematic of Receiver
5.5.1 Detector and Wideband Amplifier
The detector diode is a type S30506 manufactured by EMI, 
and is biased at about 190 V. Fig. 5.9 shows the general configura­
tion in use, and a detailed circuit diagram is shown in Appendix IV.
matched'
filterampdetector
variable 
p.s.u.
bias
network
Fig. 5.9 Detector and Amplifier Schematic
The amplifier is a modified CM6030/WB, manufactured by 
Labgear Limited for use with television and FM sound broadcast 
receiving aerial systems. Originally it had a bandwidth extending 
from 40 MHz to 860 MHz, a gain of about 22 dB and input and output 
impedances of 75 ohms. It has been modified.to extend the low 
frequency response to 60 kHz. The amplifier is followed by a 
Gaussion low-pass filter, optimised to suit the noise and pulse 
characteristics at this part of the receiver.
5.5.2 Threshold Detector and Matched Filter
The pulse signal from the ’Matched Filter1, shown in Fig. 
5.10, is fed to a threshold detector. This uses four Emitter Coupled 
Logic (ECL) ’line receivers' wired in cascade, used as limiting 
amplifiers. A manual ’threshold' adjustment is included to set 
the decision level of the whole receiver to the incoming pulse signal 
The output signal.from the final stage, which without limiting would 
be some 60 dB higher than at the input, is converted from the ECL 
logic levels to Schottky TTL levels, and used to trigger a TTL mono­
stable. This monostable generates a 50 ns pulse for each input pulse 
and is followed by a pulse power amplifier.
fig. 5.10 Pulse from 'Matched1 Filter
The resulting output from the discrete component amplifier, 
is shown in Fig. 5.11, it is a six volt positive going pulse into 
75 ft from a 75 ft source resistance. The spectrum of this frequency
Fig. 5.11 Pulse from Pulse Amplifier
modulated pulse signal contains the video information, together with 
harmonics of the mean pulse repetition rate, each with sidebands 
resulting from the modulation.
5.5.3 Demodulation Filter and Buffer Amplifier
Demodulation is achieved by a low-pass filter that rejects 
the unwanted pulse harmonics, passing on the video part of the 
spectrum to the output amplifier.
The filter was kindly supplied by the BBC Research. Department.
It consists of three parts. There are the loss sections, a group 
delay corrector, and an equaliser. This equaliser (which was not 
used for the measurements on the link), corrects for the fall-off 
in frequency response resulting from sampling the video signal at 
3 x fcsc* (The filter was originally designed for use in a video 
system which sampled at this frequency).
The peak-to-peak signal level from the filter is given by 
the product of the input peak pulse amplitude, pulse duration, 
and peak-to-peak frequency deviation. This results in an amplitude 
that is about 6 dB below one volt and a suitable gain raising 
amplifier is used following the demodulation filter.
5.6 PERFORMANCE
The link has only been tried in the laboratory, but sufficient 
measurements have been made to establish the expected performance 
of an engineered equivalent for use on an outside range.
5.6.1 Link Measurements
The primary purpose of this experiment is to show that the 
high quality transmission of video and similar wideband signals 
through the atmosphere is practicable. Thus the most important features 
are tha the signal handling abilities should be adequate and that there 
is sufficient power margin to cope with weather conditions at the 
specified range.
The overall frequency response is within 1,5 dB up to 5,5 MHz. 
The gradual fall-off in response is not a function of the optical 
transmission system, but of the sampling rate, and may be corrected 
by the one-section resonant equaliser in the demodulation filter.
Fig. 5.12 is an oscilloscope display of an off-air Test Card "F" 
both before (upper trace) and after transmission through the link, 
it shows the presence of the chrominance-luminance gain inequality. 
Significant variation of group delay, an important parameter in the
Fig. 5.12 Test Card UF!I at Input (upper) and Output of Link
transmission of video, could not be detected either on an oscilloscope 
or by observation of the reduction in quality of a test card on a 
monochrome picture monitor after transmission through the link. Colour 
test equipment would enable precise measurements to be made. Fig.
5.13 is a photograph from a picture monitor showing Test Card "F" at 
the link output.
The current gain of the avalanche photodiode was measured as 
a function of the bias voltage, and the characteristic is shown in 
Fig. 5.14. The transfer response of the post detector amplifier was 
also measured (i.e. the voltage output as a function of current input), 
and this together with the manufacturer^ figure for the responsivity 
of the diode enables an absolute value of the received power, and 
hence transmitted power to be evaluated. The peak pulse power trans-
- L Z .H  .
Fig. 5.14 Current Gain of S3Q506 A.P.P.
mitted is found to be 2 mW. .This is some 14 dB less than the antici­
pated level indicated in Fig. 5.2, and there are two known causes 
for this reduction.
Firstly, in the transmitter, a cylindrical lens component 
is not being used. As can be seen in Fig. 5.15, the output from 
the transmitter is much broader than the lens aperture. (The 
image in Fig. 5.15 is a poor circle because of inaccurate picture 
monitor geometry.) The use of a cylindrical lens would reduce the 
beam divergence in one plane, but even so, it appears that the 
divergence from the laser diode is greater than the figures quoted 
by the manufacturer. Apart from a cylindrical shape, a lens system 
with a greater aperture is needed. This is confirmed by the radiation 
pattern from the laser shown in Fig. 5.16. The f-number of the lens 
in use is 1,3, which subtends an angle by its diameter of 42° at the 
laser. Quantitative assessment cannot be made of loss from this 
photograph because some distortion of the contrast ratio has occured 
in the reproduction.
The second known reason for loss is a result of the summation 
network for combining the outputs from the ten avalanche transistor 
current pulse generators in the transmitter. There is a loss of about 
5 dB from each stage, and at the time of the measurements, this loss 
had not been made up for by increasing the output from each of the stages. 
(Each is individually capable of supplying the additional current required).
Some reliance has been placed on the parameters of the laser 
diode as supplied by the manufacturer for the expected optical output 
as a function of pulse current, and for its radiation divergence 
angles.
Using the transmitter with its output power of 2 mW a plot 
has been made of the link’s overall signal-to-noise ratio as the input 
power to the receiver is varied. This was carried out by inserting 
calibrated optical attenuators in the beam, and this is shown in 
Fig. 5.17. The curve can be used to-estimate the reliability of the 
link against range - which is a useful criterion for specifying 
an optical link. '
Fig. 5.15 Profile of Transmitter Output Beam
Fig. 5.16 Radiation Pattern from Laser Diode
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5.6.2 Video Link at Range
Ideally, the link should not degrade the signal-to-noise 
ratio of the television signal. To approach this objective, it 
should be capable of an output peak-to-peak signal to rms noise 
ratio of 45 dB or more assuming there is no noise present at the 
input.
With the transmitter in its present form, the margin can be 
obtained using the characteristic of Fig. 5.17. This shows that a 
peak input of 1 yW, corresponding to a mean received power of about 
60 nW, is needed to reach an output signal-to-noise ratio of 
45 dB. The transmitter must have an excess output power given by 
the nomogram of Fig. 3.1, and by Equations 6.1 and 6.2. The per­
formance with range is shown in Fig. 5.18 for receivers with several 
different collector diameters and for the transmitter in its present 
form.
For an output power equal to the originally anticipated level 
of 50 mW peak, these reliability characteristics become as shown in 
Fig. 5.19. In terms of the proposed range for a long distance test 
(see section 5.2) where a 1,4 km path was being considered, with the 
designed 50 mW peak power output, communication reliability of nearly 
97% would be achieved.
5.7 SUMMARY
A video bandwidth optical communication link has been designed 
and built, in order to test further the ideas developed for a narrow 
band system in the case of broader bands. It successfully fulfills 
its intended purpose as a working laboratory model; it is not intended 
as a fully engineered version for use in an operational environment.
In achieving this objective, the most problematical region 
encountered was the laser diode current supply. Investigations into 
methods of generating the correct shape and frequency of current 
pulses have been carried out and one possible solution satisfactorily 
adopted.
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Measurements made on the transmitter indicated that the use 
of a lens assembly that includes a cylindrical component would be 
worthwhile, enabling more of the laser output to be collected to 
form the beam. In addition, greater amplitude can.be obtained from 
the pulse current generator as a whole than was used for the 
measurements, and this too would increase the available optical 
output beam power.
The receiver electronics were satisfactorily completed, 
but only the simplest of optical arrangements has been used to allow 
the measurements to be made. The optics proposed are virtually 
identical to those of the audio bandwidth link described in Chapter 
Four, and no unknown problems need be anticipated in the design of 
further links.
Despite the two causes of low transmitter output power, measure­
ments on this transmitter and the extrapolated results obtained indi­
cate that, within the constraints of atmospheric optical links, communi­
cation of video information through the atmosphere using the techniques 
described is viable, and using the principles enunciated system cal­
culations can be performed with confidence.
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6.1 INTRODUCTION
The general aim of this chapter is to describe the performance 
of an audio bandwidth link covering a period of more than two years. 
The data logging equipment is briefly described from a functional 
point of view.
The link is a working engineered communication link, rather 
than an instrument built to extract information on the physical 
aspects of the atmosphere. Because of this, emphasis is placed on 
its performance as a communicator, rather than on the behaviour of 
the atmosphere itself.
The performance data were collected from measurements 
taken at ten minute intervals, and the results presented here show 
how the performance varies diurnally, monthly, in three month time 
periods, annually, and throughout the whole period of the tests. Use 
is made of the term "working hours", this refers to the period from 
0900 to 1730 hours GMT.
Some extrapolation has been carried out to obtain an indica­
tion of how other links with different ranges, transmitter powers, 
and bandwidths might be expected to perform. Some comments on the 
general condition of the transmitter and receiver at the end of the 
tests are given that resulted in changes to the link*s performance, 
but which do not show up directly in the performance characteristics 
as presented.
The term "margin" has been used widely. This is the ratio 
of the available transmitter power to that power required to achieve 
communication in a clear atmosphere. The ratio is usually expressed 
in dB. The numerical analysis required to evaluate the conversion 
characteristics, and the expressions used to obtain data values from 
the data-logged numerics are shown in Appendix v.
6.2 CALIBRATION OF DATALOGGING EQUIPMENT
One of the aims of the long term tests is to determine how 
the power required from an optical transmitter varies with time under 
the external influences of weather. The most varied of these is 
visibility, but changes in ambient light levels (background radiation) 
can also have some effect. A reference is needed to which the 
variations can be related. The obvious one is performance at night 
under conditions of clear visibility when atmospheric attenuation due 
to water aerosols, i.e. rain.or fog, is virtually non-existent, and 
background radiation is insignificant.
The calibration characteristic that is susceptible to these 
external influences was therefore measured in good visibility and when 
it was dark.-. A series of electrical measurements was made, followed 
by some computer analysis to evaluate the various calibration functions 
involved. These latter measurements take into account the datalogger 
characteristics, in order directly relate them to parameters of the 
link, and so include the transfer characteristics of the whole measuring 
system.
6.2.1 Monitoring System
A functional diagram of the monitoring system is shown in 
Fig. 6.1. As already discussed, the link performance is evaluated 
with no modulation present. The demodulated output should then 
consist of noise at the level of -55 dB with respect to the nominal 
peak demodulated signal level, and this level will only increase 
when the transmitter is required to put out more power than it is 
capable of. Fig. 6.2 shows how the optical pulse levels vary with 
atmospheric attenuation when the link is under closed loop control.
A mains synchronous clock gives a command once every ten 
minutes for a set of readings to be taken, and has its output 
encoded and recorded onto the punched paper tape together with the 
measured values.
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Fig. 6.2 Transmitter Output & Receiver Input Variations 
with Atmospheric Loss
6.2.2 Application of Calibration Characteristics
Should there be any slow deterioration of, say, optical 
surfaces then a gradual increase in calculated attenuation will occur. 
Since this detracts from the more rapid fluctuations caused by weather 
variations, the results taken throughout the long term measurements 
were continually re-referenced every seven days, and this re- 
referencing is achieved by computer processing the data in blocks of 
seven day period. An assumption made is that during some part of each 
seven day period the visibility does return to an "unlimited" value. 
Verification is necessary to ensure that discontinuities which could 
be caused by an absence of clear weather data within each period, are 
corrected. This verification is carried out by inspection of attenua­
tion plots over four week periods, an example is shown in Fig. 6.3. 
These plots have been made for every four week period throughout the 
whole duration of the measurements, and correcting as necessary prior 
to further use of the data.
CD
O
■I 7
"1X
J
<>{
£•
-t
-W>
....
."■ ' ' I
-'=??,
r/
j=
*
J*
<
j
r*
As
V
•c&
\
“i
sJKci
p
ur' 
V
J 
k
*f*
n
y
_._.... A..
r-
CD
O
''•V
CD
CD
c\io
OD
OJ
Q
O
Q 0
Li_i
Q_.
CO.
O
0 1
CO
CO
9 0
S 3 G U 1'^ GOT CJ Z! c1i 9G ;- non' o o u
6.3 PERFORMANCE OF OPTICAL LINK
The data presented here concerns the reliability of the link 
rather than variations of characteristics of its transmission medium. 
Several instruments do exist specifically for measuring visibility, 
which is the greatest potential cause of optical link failure, but 
the prime objective for these measurements is to determine 
g u s t how w e l l  a  w o rk in g  co m m u n ica tio n  l i n k  p e r fo rm s . The data obtained 
is no more than a record of the performance of the link during the 
time it operates and at the location where it is situated. However, 
results of its performance may be used to extrapolate to other bandwidths, 
ranges, and transmitter power outputs, for specified reliability, but 
with the assumption that similar conditions would exist.
The effect of variation in setting of the threshold potential 
is shown in Fig. 6.4. Clearly for any input pulse amplitude, there 
is a threshold potential that results in a maximum signal-to-noise 
ratio, and providing sufficient input is present, an adequate signal- 
to-noise ratio can be obtained. In the case of the audio link, where 
a minimum signal-to-noise ratio is required, a suitable fixed threshold 
potential is as indicated at fA f in Fig. 6.4.
The receiver assumes a pulse exists when the pulse waveform 
plus additive noise exceeds the preset threshold level. The threshold 
setting must be set above the noise produced by daylight levels of 
background radiation as is shown in Fig. 6.4. When set for these high 
light levels, the threshold is clearly higher than necessary at the 
lower light levels encountered when overcast or in darkness. With 
the control system adopted here, the transmitter output is therefore 
maintained at an overall higher mean level than would be necessary 
if the receiver was a variable threshold or pulse-peak detector type 
and thus is pessimistic in its estimation of link reliability. In 
defence of this system, the indications given by the results would be 
invalid only if a reliability of less than about fifty per cent is of 
interest, because a transmitter would operate with a fixed output at 
the higher power level necessary to overcome the higher background 
levels intercepted by the receiver in daylight, and this would auto­
matically result in a high reliability at night.
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6.3.1 Data Processing from Audio Link
The result of recording data once every ten minutes as here 
is that more than fifty thousand sets of data are accumulated for 
each year, and suitable ways of presenting this data are required.
The power margin is an important parameter in the assessment of 
reliability, and the effect of this margin is included in many 
of the results.
Because the basic attenuation figures obtained from the data 
logging equipment have an accuracy of better than 0,5 dB, they have 
been grouped into 0,5 dB intervals. Where appropriate, the attenua­
tion or transmitter power margin value assigned to each interval is 
that which indicates the more pessimistic result. Histogram 
values of the attenuation data obtained, grouped into three month 
intervals, are shown in tabulated form in Appendix VI. for both the 
twenty-four hour and nominal "working hours" day. Also shown and de­
rived directly from these results are the percentage failures expected 
from the link for different margins.
6 .3.1.1 Diurnal Variation
Fig. 6.5 shows the probability of failure of the link at 
different times of the day for the full period of the tests, and 
for three values of transmitter power margin.
Clearly the worst times of the day are during the early hours 
of the morning and this is particularly evident from the relatively 
poor results when the margin is only 1 dB, as is clear from Fig. 6.5. 
The normal cause of failure is attenuation associated with poor 
visibility, resulting from mist and fogs, which are more prevalent 
when the air temperature is low and humidity high. Generally, the 
air temperature is already falling at sunset and continues to fall 
to a minimum at dawn, although this temperature cycling pattern is 
often modified by atmospheric frontal systems.
Conversely the most reliable periods during the day occur 
when temperatures are at their highest, and this is evident during 
the period from midday to about sunset. Here high levels of relia­
bility have been recorded with overall probability of failures less 
than 0,5%.
Although this general daily pattern of failure probability 
occurs throughout the year, there is some degree of seasonal varia­
tion. Figs. 6 . 6  to 6.14 show the probability of achieving communica­
tion throughout the twenty-four hour period for the same three power 
margins. These figures cover all three monthly periods throughout 
the duration of the tests. They both allow seasonal factors on the 
diurnal variations to be seen and a comparison between the three 
monthly intervals for consecutive years to be made. What is clearly 
evident is that with a margin of only 1 dB the reliability is very 
variable and therefore of uncertain predictability. This feature is 
indicative of an inadequate margin for reasonable reliability if 
continual operation is proposed. In particular, with only 1 dB 
margin, there is a considerable variation in night time performance 
as can be clearly seen for the January to March months of 1975 and 
1976, Figs. 6 . 6  and 6.10, and for the April to June months of the 
same two years, Figs. 6.7 and 6.11. Reliability is considerably 
more predictable with increased margins of 3 dB and 6 dB. Although 
the low pre-dawn reliability is generally perceptible, with a 6 dB 
margin it is not evident for some periods, particularly for the 
twelve months from April 1976 to March 1977, Figs. 6.11:to 6.14.
With one exception, the reliability using this margin was greater 
than 99% for the whole of this twelve month period. - .
The good performance at midday shown in Fig. 6.5 is a result 
of consistently good performance at this time throughout the whole 
period. In some cases this performance extends up to only two or 
three hours before midnight. Good examples of this can be seen in 
Fig. 6.10 and Fig. 6.12. Because daylight operation is more reliable 
than for day and night time, the results of the measurements are shown 
divided into two parts - "working hours" and the whole twenty-four 
hour period. Saturdays and Sundays have not been excluded in the 
evaluation of the "working hours" reliability.
A brief examination of the quarterly performance of each 
of the years shows several, salient features. For a margin of only 
1 dB, the first and second quarters of 1975, Figs. 6 . 6 and 6.7 were 
considerably worse than the same periods of 1976, Fig. 6.10.,and 6.11, 
whilst for these and for the third quarters, Fig. 6 . 8  and 6.12, the 
reliability with 3 dB and 6 dB margin was very similar. The autumn
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of 1975 had many foggy days and this is reflected by the poor results 
for all margins shown for October to December 1975..in Fig. 6.9; the 
results for the same months of 1976, Fig. 6.13, although not without 
fogs, show a significant improvement. Also notable perhaps, is the 
99,5% reliability of the three months January to March of 1977 with 
a 6 dB margin.
The probability of achieving communication can be shown in 
an alternative form which includes both time of day and monthly 
variations, using "contours" of probability. In Fig. 6.15 the margin 
is 6 dB showing contours here of 98%, 99% and 99,5% reliability. 
Similar plots for margins of 3 dB and 1 dB have also been compiled 
and are shown in Figs. 6.16 and 6.17.
6 .3.1.2 Effects of Margin on Reliability
The reliabilities achieved from the link for margins of up 
to 6 dB are shown with linear and logarithmic probability as ordinates 
in Figs. 6.18 and .6.19 respectively. These are shown for both the 
whole twenty-four hour and for the "working day" period. Two features 
are prominent here. First, as the margin is increased to greater than 
1 or 2 dB the reliability rises rapidly to the upper ninety per cent 
region. Second, as the margin is further increased, the reliability 
improves, but only very gradually. This implies that although high . 
reliabilities are easily achieved for this range, enormous margins 
would be necessary to obtain 100% reliability. Figs. 6.18 and 6.19 
show the overall means, but it can be seen from Fig. 6.20 which 
shows the twenty-four hour characteristics for each year separately, 
that there is an appreciable difference between each year. The 
autumn of 1975 had long periods of poor visibility, caused by many 
persistent fogs, which made this year much worse for communication 
than 1976. The results for 1977 are for the first three months only, 
and. would have improved if later months following the end of the con­
tinual, data collection had been included. The inclusion of this 
"poor" sample of 1977 also has the effect of making the overall 
results of Figs.‘6.18 and 6.19,rather pessimistic.
The distinction between the "working day" and the full 
twenty-four hour day reliabilities is quite conspicuous.
9 8 %
9 9 %
99,5%
IN U
02
T>
2 2
month
Fig« 6.15 Contour Plot ~ 6 dB Margin
95%
98%
99%
20
month
Fig. 6.16 Contour Plot - 3dB Margin
-> «  o  U IN U
9 0 %
9 5 %
9 8 %
06
•o
20 -
month
Fig. 6.17 Contour Plot - ldB Margin
ov
er
al
l 
re
lia
bi
lit
y
margin (dB)
100
0900-1730
98
92
Fig. 6.18 Effect of Margin on Reliability
margin (dB)
99,9
0900 -1730
2U Hrs
99
S  95
50
Fig. 6.19 Effect of Margin on Reliability, 24 Hours and 
"Working Hours", Overall
margin (dB)
100
1976
197598
f irst quarter 
1977
O  94
a.
86
Fig. 6.20 Effect of Margin on Reliability on Reliability 
for Each Year
The reliability plots of Figs. 6.18 and 6.19 are means for the 
whole period of the measurements. The results are shown divided up 
into three month periods taking all twenty-four hours per day in Fig. 
6.21 and the limited '‘working hours" periods in Fig. 6.22. In both 
these figures there are wide differences in reliability depending on 
the period of the year, and this is particularly marked for the 
"working hours" characteristics. The poor results obtained for the 
October to December months in both these cases was a result of the 
many prolonged fogs that occurred during those three months of 1975.
6 .3.1.3 Monthly Failure Times
The link under test has a margin of not less than 6 dB, and 
whenever a greater increase in power than this is needed to maintain 
the specified signal-to-noise ratio, then the link is deemed to have 
failed. The number of hours for each month when failure occurred is 
shown in Fig. 6.23, for both the full twenty-four hour and the "working 
hours" day.
The effect of relatively poor results for the autumn of 1975 
on the failure time during that year is evident, with a similar but 
very much less severe effect occurring in the autumn of 1976. There 
was no loss during any of the three January months. The total number 
of hours lost, the annual totals, and fractions are shown in Table 6.1.
Table 6.1 Link Failure Times
24 Hours Days Working Days (0900-1730)
Total
Hours
Hours
Lost
%
Lost
Total
Hours
Hours
Lost
%
Lost
1975 8760 70,2 0,80 3102^ 18,8 0,61
1976 8784 23,0 0,26 3111 2 , 0 0,064
1977
First
Quarter
2160 1 ,0 - 0,046 765 0 , 0 0 , 0
Whole
Period
19704 94,2 0,48 6978| 2 0 , 8 0,30
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6.3.2 Extrapolations from Results.
The data so far presented indicates the reliability of the 
link at a range of 100 m  with a transmitter output power of up to 100 nW. 
Extrapolation allows the reliability at different ranges to be obtained, 
both for the same transmitter power of 100 nW and for increased power 
levels. Extrapolation may also be applied to include other band- 
widths with different ranges and transmitter powers, and specifically 
the video bandwidth link.
6.3.2.1 Performance at Different Powers, Margins, and Ranges
If a link has a margin of M^dB at a range R^, and its range 
is increased to R^, then since the margin varies as the inverse square 
of the distance,
then - 2 0  log
R i
Ro
dB   (6.1)
where is the margin at range R^.
For each 100 m of path length, the available margin M-^ q q
is given by:
M = )dB
100 Rx K V
= ^ (M0  + 2 0  X log(R0 ) " 2 0  X l0 g(Rl))dB ---  C6 .2 )
If the assumption is made that the fluctuations in path 
attenuation causing the unreliability are uniformly distributed 
throughout the range, then the reliability of a link of increased 
power and increased range, but otherwise unchanged, would be 
identical to the test link at its range of 1 0 0  m, and with a margin 
of M 1 q 0 dB. This value of reliability may be obtained directly 
from Fig. 6.19 for both the full twenty-four hour and "working hours" 
periods. Fig. 6.24 shows the reliability at increased ranges, and 
with the transmitter power increased in steps of 10 dB.
10
0
o
O  O  O  o  o
00 ^  UD ID '■J
(%)
At higher output powers the limit of range gets progressively 
less well defined, as shown in Fig. 6.24 even on the logarithmic 
"Range" axis used here. This effect is caused by the relatively
cant but at greater ranges where the total attenuation caused is 
greater, they have a much more marked effect.
An alternative presentation of reliability is made in Fig.
6.25. Here, for several ranges over which communication may be 
desired, the expected reliability is shown against transmitter 
powers, again with the same assumptions.
The plots of Fig. 6.25 also show differences in how well 
defined the limit of operation is. In this case at larger ranges 
the reliability increase is more gradual as the power is increased 
from the minimum for that range. This feature is again indicative 
of the basic limitation of through-the-atmosphere optical communica­
tion at longer ranges: the considerable powers that would be required 
from the transmitter to achieve a very high reliability, i.e. in the 
upper ninety per cents. This is more clearly seen in Fig. 6.26 which 
shows the increase in margin required to achieve a predetermined relia­
bility as the range is increased. An empirical relationship has 
been found which can be used to find the reliability P of a link 
requiring only a knowledge of the range and margin. The justifica­
tion for and accuracy of this expression is given in Appendix VII.
The accuracy of this expression begins to fail for ratios 
greater than about 100 m/dB, equivalent to mean reliabilities of 
about ninety-five per cent. However, at this ratio, corresponding 
to 1 dB margin for our link, it has already been shown from Fig.
6.5 in Section 6 .3.1.1 that reliabilities become somewhat un­
predictable. At the low ratio limit, the reliability of the link,
with its 6 dB margin and 100 m  range, was so high, about 99,5%,
2
that extrapolation to below lbj m/dB, i.e. 100 metres per 6 dB, must 
be unjustifiable.
high occurrence of low density mist and fogs compared with those 
of high density; over short ranges they are relatively insignifi-
ln(540)
-) t (-2,428 + 5 ,6 8 6 .x exp (- ln(R) 
In(540)
where R is the range per unit margin, expressed in 
dimensions of m/dB.
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6.3.2.2 Performance at Different Bandwidths
If certain assumptions are made concerning characteristics 
of the modulation, then extrapolation is justifiable to different 
bandwidths.
If the pulse carrier repetition rate is proportional to the 
bandwidth, and provided the mean duty factor of the pulse carrier 
signal is maintained at an unchanged value, then the reciprocal of the 
pulse width and therefore channel bandwidth are also proportional to 
the input signal bandwidth. For PFM, the post optical detector noise 
power is proportional to the channel bandwidth, and the signal power 
proportional to the square of the transmitted power. Therefore for 
a constant overall signal-to-noise ratio,
P„ a /b~ 
t c
.’. P_ a ViT t m
where P is the transmitter output power,
B is the channel bandwidth, 
c *
and B is the input information bandwidth, 
m
The spectrum of the input signal for our link is a 3 kHz band 
centered at 30 kHz. The noise power density of an FM system without 
pre- and de-emphasis rises at a rate proportional to the frequency. 
Hence, an equivalent width baseband signal spectrum may be calculated, 
as shown in Fig. 6.27.
noise
power
density
Fig. 6.27 Equivalent Baseband of the Link
where f, = 31.5 kHz 
h
and = 28.5 kHz
Using this value, the transmitter power required for three 
values of reliability, 90%, 95% and 99%, and at several ranges 
from 100 m  to 5000 m, is shown as a function of bandwidth in 
Fig. 6.28. At higher bandwidths, gain from the detector itself 
can be an advantage in overcoming the possible problem of an increase 
in noise contribution by the post detector electronics.
The higher frequency region of Fig. 6.28 might therefore be slightly 
optimistic, but the extent of this optimism does depend upon the 
noise performance of the low-level pulse signal.section of the 
receiver.
6.4 . LONG TERM DEGREDATION
During the period of the tests, lasting well in excess of 
two years, several causes of reduction in performance were encountered. 
Some were of a temporary nature and could be simply corrected, but 
others were more permanent, although specific to this link.
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6.4.1 Permanent Performance Deterioration
The only permanent deterioration that has been detected has 
occurred at the transmitter. The transmitter lens has undergone 
some surface mineralization, and this has resulted in additional 
loss in the optics of the transmitter. Although not appreciated 
initially, the lens is clearly of inadequate quality, and unsuitable 
for use in its present environment if a long life is wanted. Whilst 
the present transmitter has suffered some loss of output because 
of this, it is not and should not be regarded as an insurmountable 
problem with atmospheric optical links, and does not detract from 
their viability. Because the decomposition is a very slow process, 
the method of evaluating the attenuation of the optical path, in 
groups of seven days, keeps this effect insignificant as regards 
the measurements. The correction applied to the loss for each 
seven day period varies to compensate for any gradual change in 
the optical path attenuation, including the transmitter lens, and 
Fig. 6.29 shows how this correction changed throughout the period 
of the measurements. The loss through the lens at the end of the 
tests amounts to about three and a half dB more than at the start.
Checks were carried out to verify that this change was due 
to the transmitter lens and not, for instance, due to a failing of the 
LED.
6.4.2 Correctable Causes of Performance Deterioration
The shape of the transmitter covering was adequate to keep 
normal rainfall and snow from the lens. Occasionally, with suitable 
wind conditions drizzle could be blown onto the lens. Such winds 
are believed to have been turbulent in the vicinity of the trans­
mitter, although their occurrence was too infrequent to confirm this. 
Fig. 6.30 shows the attenuation changes that occurred as a result of 
the lens being wiped, and also the attenuation caused by falling 
drizzle and the change that took place when it stopped. Fig. 6.30 
shows the 2,2 dB change when the lens was dried, and a further 0,8 dB 
change when the drizzle stopped falling.
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Fig. 6.30 Attenuation During Drizzle
Inadequate shielding has allowed snow to settle into the trans­
mitter lens. The lens is recessed by approximately eight millimetres 
from the front of the stainless steel tube that makes up the transmitter 
body, forming a cylindrical shaped cavity between the lens and the 
tube front. On one occasion, this cavity filled with wet snow. At 
the time there was a high wind, accompanied by a very heavy shower 
of snowfall, but with air and ground temperatures several degrees 
above freezing. This "plug" of wet snow was removed when the snow 
had stopped falling, and the value of attenuation as obtained from 
the recorded data was about 5,5 dB.
Better weather housing could have prevented both the drizzle 
and the snow from reaching the transmitter lens.
At the receiver, there was only one source of attenuation.
The exposed surface of the optical filter slowly became contaminated 
by a thin accumulation of dirt. This was not the result of dried 
rain, but just fine atmospheric dust coming into contact with., and 
remaining on, the filter surface. After one year of operation the 
filter was cleaned, without removing it from the receiver, and the 
attenuation found to have been 0,4 dB.
6.5 SUMMARY
In general terms, the results have shown that the reliability 
of the low transmitter power audio link has been very high, much 
higher than is generally expected. As built, the link with its 
operating range of 100 m had a reliability of about 99,5%. During 
the limited "working hours" day, 0900 to 1730 hrs, this increased 
to 99,7%. These figures are with a power margin of 6 dB, equiva­
lent to an output power of 100 mW. For a reliability of 99%, the 
necessary power margin required reduced to 4 dB (63 nW) for the full 
twenty-four hour day, and to 2| dB (44 nW) if only the "working hours" 
of the day are included.
One of the original design objectives for the audio link was 
a reliability of 90%. The graphical presentation of Fig. 6.19 shows 
how much margin is required to achieve this. If operation is required
throughout the twenty-four hours of the day, then a margin of 0,65 dB 
would be sufficient, equivalent to an output power of 29 nW, dropping 
to 0,55 dB, equivalent to 28.4 nW, for the shorter "working hours" 
period of the day. There is some variation throughout the year for 
these figures. Taken in three month periods, the margins range from 
0,5 dB to 0,8 dB (28 to 30 nW) for the full twenty-four hour days, 
and from 0,35 dB to 0,65 dB (27 to 29 nW) for the limited hours of 
the day.
Following on from the results of the link's performance, some 
extrapolation has been carried out to estimate the performance at 
different power outputs from the transmitter, at greater ranges, and 
at different power margins. An empirical relationship has been 
presented which describes the performance of the link, and which can 
be applied to any link, with certain limitations, to estimate the 
reliability that might be expected. This relationship becomes 
invalid for margins of less than about 1 dB per 100 m range, because 
the reliability falls off rapidly and somewhat unpredictably at margins 
less than this. At margins greater than that of the link, which was 
equivalent to about 1 dB per 16 m, the reliability was so high that 
it becomes impossible to check the accuracy of the expression.
Further extrapolation was carried out to estimate the transmitter output 
power required for different information bandwidths at different ranges 
and for different reliabilities.
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APPENDIX III
PULSE TRANSFORMER
The pulse transformer built for use with the step recovery 
diode generator was based on a design given in Ref.(75).
A transformer is made up from a number of lengths of coaxial 
cable, wound onto ferrite rings. For the transformer required, with 
a current step-up ratio of one-to-five, i.e. an impedance transform 
of fifty ohms to two ohms, five lengths of ten ohm cable are required. 
At the primary ends, the cables are connected in series, and at the 
secondary the cable ends are parallelled. This is shown diagrama- 
tically in Fig. AIII.l.
Since ten ohm impedance cable is not obtainable, each ten 
ohm section is made up using five pieces of fifty ohm cable connected 
in parallel at both ends, and these wound together around the ferrite 
rings. This is shown in Fig. AIII.2.
lOJL CflBLG
Fig. AIII.l 5:1 Transformer
Fig. AIII.2 10ft Line from 50ft Coaxial Cable
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APPENDIX V
CALIBRATION OF MONITORING EQUIPMENT
Theory of Calibration
The following symbols are used in the calibration formula
K x to K5
LED
vc
£1 t0 f3
VCDAT
PRDAT
KXPT
KXPR
TxMon
Constants
Transmitter Output Power 
Receiver Input Signal Power 
LED Drive Current
Transmitter Power Output Control Voltage 
Functions to be Evaluated 
Datalogged equivalent of 
Datalogged equivalent .of ’P 
Power proportional to P ’•
Power proportional to P^ .
The Peak Output from the Transmitter’s Detector
Atmospheric loss =
Ki x p
LED= x ----1
2 P
Now,
ILED fl a ^ V -
= -f,, (TxMon) 
lb
Loss = K2 x fl a < V
= K,
f ( T x M o n )  
lb
Throughout the period of the tests, f. (V ) should.relate
12. CL
consistently with f^(TxMon), unless the LED optical output to 
drive current characteristic changes.
Now, Vc = f2(VCDAT)
£la(f2 (VCDAT)'i
Loss = K
2 P
Now, r t  = £ 3 . 1 ^
= K3fla(f2(VCDAT)}
In clear weather during which the calibration functions are
evaluated, P a P '
’ r t
P- = K4-fla (£2VCDAT))
But, P = Kj.f-CPRDAT)
K2 fia (f2(VCDAT^
Loss =
K5 ’ f (PRDAT)
Let KXPT = fla(VC)
“ f,J£,(vCDAT))la v 2
and KXPR = f3 (PRDAT)
KXPT
Then the overall loss a —  — -
KXr K
fla(f2 (VCDAX)) 
f3 (PRDAT) *
Evaluation of these functions, ^2 an^ ^3 to6et i^er
the datalogged values PRDAT and VCDAT enable a relative value of 
attenuation to be calculated.
2 . Evaluation of Calibration Characteristics.
2.1
^TJED fla(Vc)
A series of readings of iggp as a function of Vc were 
taken. From these, the function f^ was calculated using the 
method of least squares fit. The coefficients obtained are as 
given in the following table.
Power of Vc
Coefficient
0 99,9
1 19,5
2 - 0,606
3 ~ 0,263
4 - 0,173
5 - 0,0337
6 - 0,00154
7 - 0,00104
8 0,000104
2.2 Vc = f2(VCDAT)
For a range of values of corresponding values of VCDAT 
as recorded by the datalogger were taken, and again using the least 
squares fit method, coefficients for f2 were evaluated.
Power of VCDAT Coefficient
0 - 0,0578
1 - 0,0764
2 0,000608
2.3 KXPR = f3 (PRDAT)
To evaluate this function, good visibility and low background 
radiation are required. The power from the transmitter is varied 
over its range by setting V , and both VCDAT and PRDAT are data­
logged. Although constant attenuation in the optical path would 
be satisfactory throughout this set of calibration readings, good 
visibility tends to ensure that the attenuation is not subject to 
variations, and a higher receiver input power may be obtained.
Assuming constant visibility for the duration of these set 
of readings, which is justified because they take only a few minutes, 
KXPR KXPT.
Since KXPR = f (PRDAT), 
then KXPT a f 3 (PRDAT) . 
since KXPT a fla(f2 (VCDAT)}, 
then fla(f2 (VCDAT)) a f3 (PRDAT)
For each value of V^ or VCDAT, KXPT is calculated using 
the two already derived functions and f^. Hence f3 may be evalu­
ated from the calculated KXPT values and the recorded corresponding 
values of PRDAT.
"f3" is then obtained from: KXPT = f3 (PRDAT), and the
coefficients are:-
Power of PRDAT Coefficient
0 4.047 . 101
1 -6.280 . 10“ 1
2 1.308 . 10“*
3 -1.004 . 10”^
4 3.911 . 10“ 7 ‘
5 -7.517 . 10“ 10
6 5.65 . 10~13
Hence, using these three functions, fla> f^> and f3 , and 
operating on datalogged values of VCDAT and PRDAT, relative values 
of attenuation can be calculated.
12/.
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APPENDIX VII
EMPIRICAL INDICATION OF RELIABILITY
Using a logarithmic range axis as is shown in Fig. 6.26
each of the characteristics of reliability have the same shape, and 
may be horizontally transposed to obtain the reliability at a 
different margin - this is only true if attenuation throughout 
the range of the link is uniformly distributed, and with similar 
modulation.
of range to margin remains unchanged, consequently this ratio may 
be used generally for the reliability of any link. Fig. 6.26 may 
therefore be replotted as reliability, or probability of achieving 
communication, against the ratio of range to.margin. This shape 
is very similar to that formed by the function:
where P is probability,
and both X and n are functions of the ratio range to margin.
Now, at R = 540 m/dB, P = 0,5 
.*. Xn = 1
By trial, one suitable expression for X is
It can be seen that for any value of reliability, the ratio
P
1
Cl)
1 + X'
rn
■ln-(R)
In(540)
where R is the ratio range to margin
From (1), n =
ln(l/P - 1) 
ln(X)
In(1/P- 1)
In(540)
(2)
Substituting values of *RT and *P’ in equation (2) from 
the results used for constructing Fig. 6.26, enabled the following 
respective values for fn* and ,X I to be obtained.
R
(m/dB)
P n X Exp(X) 1/R
(dB/m)
16 1
0,9948 6,5281 0,447 1,564 0,06
33 i
0,9868 7,3801 0,557 1,746 0,03
50 0,9800 .8,1906 0,622 1,862 0,02
100 0,9497 9,4162 0,732 2,079 0,01
200 0,842) 9,7379 0,842 2,321 0,005
'n1 plotted as a function of 'exp(X)’ results in the 
following characteristic
9--
n
exp [x]
Using the method of least squares fit on the lower four 
points to generate the best straight line, to relate ’n* to 'Xf, 
the following relation is obtained
n = -2,428 + 5,686 x exp(X) 
 ^ln(R)P = 1 +
ln(540)
-2,428 + 5.686 x e x p f j j ^
“ 1
To measure the accuracy of this expression, values of 'R* have 
been inserted corresponding to known values of fP !, and their values 
and errors are shown in the following tables:-
R
(m/ dB)
P
(calculated)
P
(measured)
Percentage
Error
200 0,8642 0,8420 2,64
100 0,9494 0,9497 -0,03
50 0,9797 0,9800 -0,03
33 i
0,9877 0,9868 0,09
16 | 0,9945 0,9948 -0,03
